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THE USE OF A COAXUU, GUN FOR PLASMA PROPULSION 
R. H. Lovberg, B. Hayworth, T. Gooding 
A. Introduction 
In the  extension of space f l igh t  planning t o  interplanetary missions, 
it has become clear that present propulsion systems, Le., cbemical rockets, 
are adequate only t o  send very small  payloads t o  these regions. The lof'ting 
of anything as heavy as a manned vehicle, together with fie1 sufficient f o r  
a planetary orb i t  o r  Landing and return t o  earth, would involve unacceptably 
large take-off weights and sizes. 
the simple d i f fe ren t ia l  equation of motion for a rocket which we s q p p s e  
t o  be already i n  a low orbit ,  but accelerating toward escape energy. 
cerning the  momentum of the vehicle-propellant system, we have, 
This can be seen mst easily by w r i t h g  
Con- 
where 
v = e-ust velocity, 
v = vehicle velocity, 
e 
r 
M = t o t a l  rocket ~ S S .  
This immediately integrates t o  
*O 
Avr = ve In ' 
where Mo and % are the i n i t i a l  and final rocket msses, respectively. 
This equation te l ls  us that i f  we seek a velocity increment substantially 
la rger  than the rocket exhaust velocity, our s ta r t ing  mass is  a l m s %  ent i re ly  
fie13 further, the si tuation gets exponentially worse as the velocity increment, 
i n  units of ve, increases. 
going t o  higher e a u s t  velocities. 
Clearly, the salvation of the problem lies in 
Enomus  e f fo r t  has gone into the search 
-1- 
for  fuels which react energetically and expel products of low molecular 
w e i g h t .  As can be seen from our rocket equation, the  rewards, i n  terms 
of flyable payload, f o r  even slight improvements i n  ve can be very great. 
Nevertheless, there appears t o  be a f a i r l y  firm upper l i m i t  on the ve 
attainable in chemical reactions which is  w e l l  below that necessary for  
manned flight t o  other planets. 
W e  introduce here a parameter characterizing the  rocket system which 
is called specific inpulse, I 
t o  mass-flow rate, and when, i n  the engineering tradit ion,  we measure 
both force and mass i n  uni t s  of pounds, I 
if  we use physical units of dynes thrust and grams mass, the r a t i o  becomes 
just the exhaust velocity ve i n  cdsec .  
v = I  . g o  
It i s  defined as the r a t i o  of thrust  (F) 
SP' 
i s  i n  uni t s  of seconds. However, 
SP 
The connecting relationship is  
e SP 
In these terms, then, we find that the best chemical fuels  yield 
Thus, a velocity specific impulse in the range of 400 - 500 seconds. 
increment of 5 miles per second, which one might wish t o  add t o  o rb i t a l  
velocity i n  order t o  proceed towards Mars, would require a fuel load frac- 
t i o n  of about 8 6 ,  and the weight after burnout would itself be mostly 
f u e l  i n  the  case of a manned vehicle which would have t o  return again t o  
earth. However, i f  we increase I t o  1,000 seconds, t h i s  fuel load frac- 
t i o n  drops t o  ju s t  over one half and f o r  2,000 seconds it i s  about one third.  
I n  the l i m i t  of high I 
SP 
one obtains 
SP' 
and so the fuel load could, i n  principle, become negligible. 
The production of these high exhaust speeds forces a resort  t o  other 
than them-chemical means, since no thermal speed obtainable from such re- 
actions i s  great enough. 
raise the temperature of exhaust gases by such means as e l ec t r i c  arcs o r  
passage through a high-power nuclear reactor. Here,  one may make use of 
very l ight  gases such as hydrogen, and thus obtain maximum them speed for  
a given temperature. I values in the  neighborhood of 1,000 are obtainable 
by this mans. Nevertheless, one ultimately encounters the obstacle of 
An intermediate step of considerable value i s  t o  
SP 
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mterial failure at high teqperatures, and so t h i s  procedure is  also limited. 
Fin-, we arrive at electromagnetic acceleration of matter i n  an 
ionized, charged, o r  conducting state, 
past the thenaal d i f f i cu l t i e s  mentioned above, 
characterizes e l ec t r i ca l  propulsion i s  that it is possible t o  deposit large 
t ranslat ional  energy i n  a propellant without having first gone through a 
phase of them heating, For example, It is  quite t r i v i a l  t o  build an Ion 
accelerator whose beam "stagnation temperature" is b i l l i ons  of degrees; y e t  
the machine components need not be above room tempe!rature. 
point of view is  that the energy imparted t o  the propelbnt  is not made t o  
undergo equipartition; it remains resident in one degree of freedom, and in 
t h i s  coordinate encounters no material object. (This is  only approximately 
t rue  f o r  some devices.) 
Here,  there has been a discrete  jump 
The essent ia l  point which 
An equivalent 
Since it is w e l l  known that ions may readily be accelerated t o  rela- 
t i v i s t i c  energies, we may inqpire i f  th i s  i s  not the direction t o  go; the 
propellant loss could be made almst a rb i t r a r i l y  low f o r  a given thrust. 
The objection t o  this is that t h e  power required is  the product of thrust 
and exhaust velocity, and f o r  too high I 
supply would become intolerable. Clearly, then, there exists an opthum 
I 
type of pawer supply is  min-lnnlm. We may estimate this I 
manner: 
the  weight of the necessary power 
S p ,  
where the t o t a l  initial welght of the vehicle, fo r  a given mission and 
SP 
in the following 
S p  
w h e r e  M is the  propellant mass expelled at constant rate and velocity 
ve over a mission t i m e  T ~ .  
The beam power i s  
P 
Pe = he 
We define the "specific mass" (a) of the  power supply as the mss 
(M,,) per uni t  power output, and we also relate e l ec t r i ca l  power (Po) t o  
-3 - 
beam power (P ) by an efficiency e; thus, e 
M M e  M e  
0 *e e P 
- 2 2 = 2 L p s = .  
Fv a  
Now, the  t0ta.l i n i t i a l  mass is  
- 
Mtot - Mveucle + YP + Mps 
FT Fvea 
= M v + r m + - .  c 
e 
For minimum Mtot, we set the  derivative with respect t o  ve equal t o  
zero, and so obtain 
"In - -  2 
e(opt) - a v 
Under this condition, 
There is obviously a premium on high engine efficiency and l i g h t  power 
supplies. 
missions call f o r  high I 
these answers by numerical constants not far from unity; they show that f o r  
missions ranging f r o m  lunar t o  the near plapets, and fo r  01 in the region of 
20 - 50 lbs/kw(e), we are considering I values i n  the  1,000-10,000 second 
A less obvious result of th i s  simple relationship i s  t h a t  long 
More elaborate versions of t h i s  calculation modify 
SP' 
*P range, o r  lo6 < ve < 10 7 cm/sec. 
z--- 
In the  present work, we have explored a cer ta in  area of magneto- 
hydrodynamic (MHD) acceleration. MHD schemes exploit the bulk e l e c t r i c a l  
conductivity of ionized gases, in that when current (3) i s  passed through 
such a "plasma" containing a magnetic f i e ld ,  (B), a body force, 
I .  
l 
I 
I 
i s  applied t o  each volume element, 
application of MHD accelerators, with the efficiency with which the "pushing" 
of the propellant i s  done, i.e., we must discover c r i t e r i a  t o  apply in the 
system design such that the t o t a l  acceleration work 
propellant is a large fraction of the  e l ec t r i ca l  energy supplied t o  the device. 
(While one i s  also concerned with the a t t a i m t  of correct I 
that the efficiency problem is  far more d i f f i cu l t  and w i l l  receive most  
attention here.) 
We are concerned, i n  this propulsion 
f , v d t  done 0x1 the s -  
it turns out 
Sp' 
It is useful for  present purposes t o  employ a rather simple e l ec t r i ca l  
While it is  physically more illuminating t o  think of the  c i r cu i t  analysis, 
actual plasma acceleration i n  terms of the f'undaMental electromagnetic 
equations, the c i rcu i t  approach has considerable generality, and further, 
the correspondence with Maxwell's equations, the Poynting vector, etc., are 
easily established. 
I n  these terms, then, a pulsed MED accelerator may be thought of as 811 
inductive (and resis t ive)  circuit  into which one applies a pulse of current, 
usually from a charged capacitor. 
on an inductor are such as t o  increase i t s  inductance. 
of this circui t ,  having some mass associated with it, i s  allowed t o  mve; i n  
fact ,  these expanding current elements are the plasma, and so we have bu i l t  
an accelerator. A t  the terminals of such a circuit ,  the voltage i s  given by 
It is always t rue  that the magnetic forces 
I n  our case, a portion 
dQ 
a t  v = I R + - ,  
where Q is  the t o t a l  magnetic flux threading the c i r cu i t .  
of  inductance, t h i s  becomes 
By the definit ion 
d 
v = IR + dt (LI) 
= I R + L % + I -  dL 
a t  
The input power i s  
-5 - 
dI  2 dL - + I  - at a t  P = V I  = I% + IL 
I n  order t o  separate the  three right-hand terms functionally, we f irst  
decompose the  second term: 
Then, 
P =  I?R+=(?)+h d L12 I 2dL -at 
Now, these three terms represent d i s t inc t  power ’inputs. The first, 
2 Since L I  /2 i s  the clearly, i s  the res i s t ive  heat loss i n  the c i rcu i t ,  
t o t a l  magnetic f i e l d  energy i n  any inductance, the second term i s  jus t  the 
rate of gain of this energy. 
the  moving boundary, and fo r  an accelerator .is evidently the term in to  
which we wish t o  dump as much input energy as possible. 
The th i rd  term i s  the  rate of work done on 
If one has, for  the acceleration impulse, same cer tain quantity of 
energy w , (e.g., 2 C!$ for  a capacitor) w e  can examine the f a t e  of t h i s  
energy by integrating the  power equation over the time of the  impulse. 
Note first that the integral  of the second term i s  zero, since the impulse 
begins and ends w i t h  zero magnetic field.  
0 
Hence, 
The system efficiency may now be defined as 
SI ’ i -d t  
2 
wO 
W e  may carry th i s  a step farther fo r  cases where the peak current 
depends upon the c i r cu i t  inductance, e.g., fo r  capacitive o r  inductive 
< Io, where I i s  the peak current Imsx 0 energy storage. I n  these cases, 
-6- 
which would have been achieved if L had been held constant, and if also 
there had been no resistive losses, 
i n i t i a l  system inductance. Then, 
That i s , W o  = I?, w h e r e  Lo i s  the Lo 0 
s I ' i .d t  0 
< 
2 
Lolo 
AL - ,- 
LO 
We see, then, t ha t  the system efficiency i s  Ulnited by the relative 
inductance change which has occurred during the acceleration. 
is s t i l l  smal l  when the electromagnetic energy has &shed i n  the system, 
we are assured that mst of the energy has been wasted as heat, and is  not 
directed beam energy, 
If t h i s  r a t i o  
While w e  have assumid, i n  the above anaJysis, tha t  we are dealing 
with an impulsive system, the treatment i s  general enough t o  cover both 
the case of an inductively driven plasma, i n  which a current loop induced 
i n  the plasma i s  repelled from the primary coil, and the "rail gun" which 
may be a r a i l  pair, para l le l  plates, o r  coaxial cylinders. 
Both of these schemes possess cer ta in  technical advsstages and dis -  
advantages. 
thereby eliminating electrode erosion as a possible operational trouble. 
However, associated with it i s  a very d i f f i cu l t  requirement on t he  closeness 
of the init ial  coupling between the primary c o i l  and the  secondary gas 
c i rcu i t .  
when pulsed, induces an oppositely directed current i n  the gas near the coil. 
Now it is  evident that when the acceleration i s  completed and the plasma 
gone, the inductance seen at the c o i l  terminals i s  just  L 
c o i l  alone. Hence, this becomes an urnper l i m i t  on &; i.e., aL C L The 
i n i t i a l  inductance Lo seen at  the terminals when current i s  flowing i n  the  
gas a t  the beginning separation zo between the c o i l  and the gas current r ing 
must then be much less than L and it i s  eas i ly  shown that t h i s  requirement 
i s  met by having the i n i t i a l  gas current flow t igh t  against the coil ,  i. e., 
The induction accelerator has the merit of  being electrodeless, 
W e  i l l u s t r a t e  in Figure 1 the case of a flat toroidal c o i l  which, 
that of the  
P' 
P* 
P' 
-7 - 
FIG. 1. SCHEMATIC OF AN INDUCTION ACC-OR. 
-8- 
z This i s  usually hard t o  achieve, 
since a cer ta in  thickness of insulation must be interposed between the two 
currents, and also because the ini t ia l  gas current does not usu&uy flow i n  
a very t h i n  layer. 
when z = w; hence a l l  the energy must be delivered i n  a t i m e  t such that 
<< w, w h e r e  w i s  the wid th  of the coil .  0 
Furthermore, the two c i r cu i t s  are almost fu l ly  decoupled 
where v i s  the velocity of the plasma. For v = 10 7 cqsec,  and w = 10 cm, 
we obtain t << 1 psec, a quite hard e l ec t r i ca l  requirement. 
difficulties can be alleviated, however, by going t o  very large w, i.e., 
broad coils. 
Both of these 
The "rail  gun" plasma is  always t i gh t ly  coupled t o  the energy source, 
since it is i n  series w i t h  it. 
assure ef f ic ien t  acceleration, since a large parasi t ic  source inductance 
could quickly put a low upper l i m i t  on &/Lo; it does mean, however, that 
one i s  not forced in to  accomplishing the en t i re  acceleration before the 
plasma has moved a small  fraction of the system dimensions. 
associated with the e l ec t r i ca l  breakdown of the propellant gas are also 
less d i f f i cu l t  with a series rail  gun, since i f  there is a formative time 
lag, the energy supply must simply w a i t  un t i l  breakdown occurs. 
duction device, a delay i n  gas ionization results i n  a bypassing of the  
energy through the primary coil, with the associated dissipation. It i s  
common experience i n  the thermonuclear research, for  example, that it i s  
extremely d i f f i cu l t  t o  make fast induction accelerators break down on the 
first half-cycle of the oscil latory driving current. 
This i s  not, of course, sufficient t o  
Problems 
In an in- 
A clear  disadvantage of using a ra i l  gun is  the existence of electrodes 
i n  the plasma circui t .  
gas, they are subject t o  bombardment and erosion. However, it i s  not c lear  
at  present how rapid t h i s  erosion might be under conditions contemplated in 
a propulsion application. 
cu l t  t o  conceive schemes f o r  electrode replacement, periodically o r  even 
Since these axe immersed direct ly  i n  the ionized 
Assuming t ha t  some does occur, it i s  not d i f f i -  
continually, 
when the rate of electrode material loss exceeds the  rate of propellant flow. 
A l imi t  on erosion rate would, of course, have been exceeded 
~ 
-9- i 
From experiments t o  date, it seems that t h i s  will probably not happen, 
It is important also t o  point out that erosion may be an equally 
serious problem in induction machines, but in this case, it i s  erosion 
of the  insulator. The i n i t i a l  breakdown in these devices occurs on this 
surface''), and always results i n  the  appearance of spectra of insulator 
materials i n  the discharge, 
ductive pinch at  the  Los Alamos Scientific Laboratory, several hundred 
discharges caused the almost complete erosion of a 1/8*' thick Aa 0 
insulator . 
In the case of "Scylla", a high energy in- 
2 3  
An evaluation of these considerations l e d  t o  the conclusion that the 
coaxial version of the rail-gun would be very suitable f o r  an experimental 
program on MHD propulsion. 
operated over a wide range of energy-source periods, and has a geometrical 
symmetry which makes the interpretation of electromagnetic field data 
simpler than i n  any other device. 
of one of the authors, (RHL) a considerable amount of experience i n  operating 
coaxial plasma accelerators fo r  thermonuclear applications, 
It i s  re la t ive ly  easy t o  construct, can be 
There w a s  also available, in the case 
The coaxial configuration was also felt  t o  be d is t inc t ly  preferable 
t o  other "rail  gun" configurations, since it is the  only one, topologically, 
which i s  free of edges. That is, the  advancing current sheet, assuming 
t h a t  it retains  azimuthal symmetry, i s  a completely t i gh t  piston w h e r e  in 
t he  case of pa ra l l e l  plates  or r a i l  pairs, one always has t o  deal with the 
leakage of propellant around the  edges of the sheet, and also w i t h  gross 
i n s t a b i l i t i e s  initiated at  these edges. 
B. Choice of Circuit Parameters 
We have seen tha t  the efficiency of energy t ransfer  fromthe storage 
capacitor t o  the plasma kinetic motion is given, in e l ec t r i ca l  c i rcu i t  terms, 
by 
J k d t  9 
e = &  
W 
0 
where h e r e , W o  = & C? . 
0 
-10- 
Clearly, one must effect a gun design f o r  which the t o t a l  inductance 
increase corresponding t o  the removal of some large fract ion of Wo does 
not exceed the t o t a l  available inductance of the barrel. 
s i tuat ion would exist w h e r e  a t  t h e  instant  of plasma emergence f r o m t h e  
barrel, most of Wo would s t i l l  be ( d + L 1 2 ) ,  w i t h  the result that the 
plasma would either draw out with it a long plume of current which would 
accelerate mass equally in the transverse and longitudinal directions,or, 
i f  the c i r cu i t  should somehow be broken, it would leave most of Wo behind, 
probably t o  dissipate i n  resistive secondary breakdowns. 
Otherwise, the 
A t  the other extreme, one can conceive of the plasma slug being 
suff ic ient ly  heavy so that by the time the stored energy has rung down 
t o  zero i n  i t s  character is t ic  damped oscil lst ion,  the mass has not moved 
far in the barrel. This usually is a case of &/L << 1, and by 
arguments given previously, the energy transfer cannot be large. 
0 
It i s  easy t o  see that some kind of a "matching" between the electri- 
c a l  c i r cu i t  parameters and the propellant mass or velocity must be achieved, 
There are several equivalent ways of s ta t ing this requirement. 
simply ask the e l ec t r i ca l  "period" f i  of the circui t ,  where L is  the 
barrel inductance, t o  equal the t r ans i t  time defined as t = $ where .4 i s  
the barrel length and v i s  a mean plasma velocity i n  the gun. 
We may 
Thus, 
If now we set L = L '  A, w h s r e  L'  is the inductance per u n i t  length of the 
gun, t h i s  reduces t o  
III a c o a x i d  gun, I,' = Bn ' 
This quantity, then cannot vary too far 
w h e r e  b and a are, respectively, the 
outer  and inner barrel radii. 
o r  2 x PO from - 
2Try 
on specific impulse, we see that A and C are proportional t o  each other 
in an optimum gun. 
h/m. Since v i tself  is determined by our requirement 
It is of in te res t  t o  note that this requirement can also be stated 
-3.3.- 
as one fo r  "impedance" .matching, If we set L = L' v, and substi tute into 
'dz = l/v, we obtain immediately 
where both sides have the dimensions of an impdance. 
and v = 10 m/sec, this imgedance is 
For L'= 2 x h/m, 
5 
-2 Z = L ' v = L = 2 x l O  ohms. 
From this form of  the matching requirement one may observe that 
efficiency w i l l  be good only i f  all the dissipative c i rcu i t  losse's add 
up t o  a resistance much less than 20 milliohms. 
A third, and somewhat more exact statement of this matching requirement 
can be obtained by writing the "magnetic gun equations". 
sistance, we have 
Neglecting re- 
. P  . 
vo - $ p a t  = LI + IL , 
the voltage equation, and Newton's second l a w  
where m i s  the mass of the gas slug, and. z i s  the displacement along the barrel. 
We render these equations dimensionless by setting 
where 
C I, = vod - , 
LO 
Lo = L' zoo 
-12- 
Also 
Whem 
and 
x = z/zo . 
and 
2 2 d X  
d7 
- -  * - E l ?  
where 
These equations may be solved n w r i c a l l y ,  w i t h  the solution being 
detexmlned only by IC. 
in the external c i rcui t .  
L'zo includes whatever paras i t ic  inductance exists 
Now, resistance has not been included here and so these equations 
are not properly usef'ul f o r  determinations f o r  efficiency. 
jarpose other conditions, e,&, that at the t l m e  the mass emrges f'rom the 
gun, the current shall be passing through I t s  first zero3 we then may inquire 
as t o  how much of Wo has been transferred t o  the  plasma at tha t  t i m e .  We 
discover that this fract ion I s  largest f o r  K of order unity and a barrel length 
large compared t o  zo. 
However, we may 
This a lso  means, of course, that &/Lo >> 1. A s i d e  
-13- 
from efficiency, however, the principsl  u t i l i t y  of t h i s  formulation is 
that all the  scaling relationships we need are contained in IC. 
such as t o  give optimum performance, for  example, any rearrangemnt of 
Cy Vo, L',zo, and m which leaves K unaltered w i l l  also leave the  matchings 
of "inpdance" o r  energy the same as they were. 
appeaxs t o  be incorrect, it can be adjusted i n  any of several ways, 6ome 
of which may be much easier than others, depending upon circumstances. 
good example of t h i s  point i s  contained i n  the following work, in particular, 
the change f r o m  the Mk I1 t o  Mk I11 versions of the coaxial gun.) 
If IC is 
Or, alternately, if IC 
(A 
Given that in an optimum design, R and C should approximately vary 
together we may then inquire as t o  what other criteria might dictate  a 
choice of s i ze  for  either or both of these par-ters. 
here that fo r  separate reasons, it i s  desirable tha t  both parameters be 
Smal l .  
It will be argued 
Consider the  capacitance first.  In the application of a pulsed 
device t o  propulsion, it will be necessary t o  operate the gun at a repeti- 
t i o n  rate which i s  determined by the momentum transferred per shot and 
the desired thrust. 
the gun energy per shot. 
t o  as low a Value as possible, it seems that one must r e s t r i c t  consideration 
t o  small capacitor banks run at high repet i t ion rates. 
The power required w i l l  be the repeti t ion rate times 
Since the system mass per u n i t  power must be kept 
But quite independently of f i r i ng  rate, the t o t a l  energy passed 
through the  capacitor per unit t i m e  i s  the  product of average thrust  
and e a a u s t  velocity. 
i s  approximately the capacitor Q divided into 2rr times the t o t a l  gun power, 
hence, fo r  example, an engine of 1 kg th rus t  at lo4 sec I 
with a Q of 30 would dissipate on the order of 200 kw as capacitor losses. 
Only a very large, heavy bank o r  an ent i re ly  novel capacitor can w%hstand 
such heating and not be destroyed quite quickly. 
t he  issue might be t o  settle for a f e w  dynes thrust with conventional 
compnents, it seems that e lec t r ica l  propulsion does not come ent i re ly  in to  
i t s  own u n t i l  more substantial thrust is  achieved. Consequently it appears 
appropriate t o  wrestle with the components problem at t h i s  early stage.) 
The power dissipated i n  the capacitors themselves 
using capacitors 
SP 
(While one way t o  avoid 
We 
e have, therefore, considered the use of capacitors employing very low-loss 
dielectrics,  and in particular, the use of vacuum. 
capacitor has many a t t rac t ive  at t r ibutes  as w e l l  as clear disadvantages. 
The capacitor Q i s  extremely high, since dielectr ic  losses, ordinarily 
the principal loss i n  an energy-storage u n i t ,  ase ent i re ly  absent. 
duction losses i n  the electrodes can be tolerated since there i s  no 
obvious reason that such a u n i t  could not be operated a t  red heat. 
occasional flash-over does not mean a ruined capacitor, and so r e l i a b i l i t y  
i s  improved. 
vacuum pumg i s  always available above the atmosphere. 
t h e  construction of such a u n i t  i s  a formidable undertaking, since many 
thousands of square feet of plates, spaced by a very f e w  millimeters would 
have- t o  be arranged i n  a compact package and be sufficiently rugged t o  
stand a f l i gh t  environment. The u n i t  would have a great dea l  of bulk per 
unit capacitance o r  energy, and it i s  l ike ly  that the advantage of having 
no d ie lec t r ic  mass at all would be more than offset  by the heavier mass of 
p la tes  and structures. Nevertheless, the s t ructural  problems are matters 
of technique rather than principle, and one can reasonably expect adequate 
engineering solutions i n  not too long a time. 
t o  use an initial capacitance value which might be achieved by a vacuum 
un i t .  This was determined t o  be the order of one microfarad. 
A vacuum dielectr ic  
Con- 
An 
There i s  no dielectr ic  mass t o  orbi t  and an inf in i te ly  good 
On the other hand, 
Therefore, it w a s  decided 
The use of a smal l  barrel length, which as we have seen, i s  corollary t o  
a low capacitance, i s  desirable, however, on independent grounds. F i r s t ,  the 
e f fec t  of plasma cooling t o  the electrodes may be made very smal l  i f  the t o t a l  
t i m e  the plasma spends between the electrodes i s  very small compared t o  an 
ion t r a n s i t  t i m e  from one electrode t o  the other at  thermal velocity, The 
actual  escape of thermal energy t o  the w a l l s  i s  actually much slower than it 
would be i n  the case of free single par t ic le  motions, since coll isions and, 
i n  particular, the presence of strong magnetic f ie lds  inhibi t  par t ic le  flow. 
Secondly, it is  demonstrable theoret ical ly  that as the acceleration i s  
increased, or, rather, as the acceleration time i s  shortened, the formation 
of the most troublesome instabilities in the current layer is  less advanced; 
i.e., the acceleration of ins tab i l i ty  growth increases less rapidly than the 
-15 - 
acceleration of the gross plasma displacement, 
lengths, it i s  usually observed that the i n i t i a l l y  symmetric current dis-  
t r ibut ion tends t o  develop unevenness i n  the azimuthal direction which in 
the end results i n  a l l  the current flowing in a narrow rod, o r  "pinch", at 
one side of  the tube. 
sweeping up of the injected propellant, and the mass ut i l iza t ion  becomes 
very poor. It has been found i n  the work t o  be described that these in- 
s t a b i l i t i e s  have indeed been greatly inhibited. 
In accelerators of "mrmal" 
In t h i s  case, there i s  no longer an e f f ic ien t  
The various equations of motion and scaling l a w s  given above are at 
best, however, only a rough design guide. The reasons are twofold. Firs t ,  
they are derived on the assumption that the plasma slug i s  a compact en t i ty  
which has no resistance, e i ther  i n  bulk o r  as drag on the  electrodes, 
current i s  supposed t o  flow anywhere except through the narrow slug. 
w i l l  be seen, t h i s  assumption i s  a t  best only approximated and i n  many 
instances i s  not even a qualitative description of how the system behaves. 
In spi te  of this, many of t he  scaling l a w s  s t i l l  apply. 
No 
A s  
Secondly, the use of a scaling relationship between the several 
parameters characterizing a system presupposes tha t  one can vary them 
independently, except for  the given constraint which i n  our case i s  K (Cy 
Vo, L', m, zo) = 1. 
mode of operation we have selected makes the slug mass m c r i t i c a l l y  dependent 
on v0 and L',  and t o  some extent on C and zo. 
freedom i n  use of the K = 1 equation, and probably mems that another and 
more useful scaling l a w  could be written i f  one k n e w  i n  enough d e t a i l  the 
dependence of gas breakdown on voltage, electrode spacing, and propellant 
species. 
This i s  not the case I n  the present work, however. The 
This deprives one of complete 
C. Mode of G u n  Operation 
The same concept of operation i s  common t o  all the  devices described 
in t h i s  report. An ideal  operating sequence would be the following: 
1. 
(there are no switches i n  the circui t ) ,  i s  charged t o  Vo. 
2. 
The storage capacitor, which i s  connected direct ly  t o  the electrodes, 
The valve controlling the propellant gas flow i s  opened and le f t  open. 
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3. 
electrode has r isen t o  the appropriate d u e ,  a breakdown occurs, and the 
normal acceleration cycle proceeds. 
When the  gas density immediately over the gas ports  i n  the center 
4. 
capacitor re-charges. The latter is adjusted t o  occur much mre rapidly 
than the gas influx, so when the  propellant pressure once again reaches the 
breakdown d u e ,  the capacitor i s  f u l l y  charged, and the  whole process 
repeats . 
A f t e r  the shot, the inter-electrode gas pressure again rises, and the 
This operating concept has the merit of extreme simplicity, since 
neither high-current switching nor osc i l la t ing  gas valves need be employed, 
and system r e l i a b i l i t y  would consequently be improved. However, there 
exist possible technical problems with the idea which may, in the  worst 
case make it unfeasible. 
not ejected during a single shot of the gun. 
near the peak of the injected pressure distribution, and since this dis- 
t r ibu t ion  (in z) i s  approximately a symmetrical Gaussian centered over the 
gas ports, one might, in the case of a simple current-sheet acceleration 
expect up t o  half of the gas t o  be lef't behind. 
lef't-over gas would simply add to  the new inf lux for  the next shot; however, 
t h e  shape of the gas distribution, jus t  p r ior  t o  breakdown, i s  important 
i n  that the pressure should be low near the rear insulator i n  order tha t  
t he  discharge should not occur there. 
leftover gas, however, it seems that the pressure at the insulator could 
eas i ly  rise t o  the breakdown level, thus result ing i n  undesirable insulator 
erosion. 
repeti t ion-rate experiments which have not yet been accomplished. 
In particular, the  full injected gas load i s  
Breakdown usually occurs 
One could argue that this 
With a shot-to-shot accumulation of 
The actual  evaluation of t h i s  problem w i l l  have t o  await high 
The repet i t ion rate which would arise naturally from this free-running 
mode i s  determined by the time required fo r  the gas f i l l ing .  
the propellant species used, the internal  delay might be a f e w  hundred micro- 
seconds t o  somwhat more  than a millisecond. 
hundred shots per second, will almost surely necessitate the use of an 
osc i l la t ing  gas valve rather than steady flow. 
Depending upon 
Slower f i r i ng  rates, say one 
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D. Experimental Program 
With the general principles outlined above as a guide t o  tbe general 
design of an accelerator w e  have established an experimental program di- 
rected toward determining, i n  as direct  ariiunanibiguous a way as possible, 
whether the coaxial gun concept i n  t h i s  form i s  feasible fo r  propulsion, 
Our program has deaJt with two broad areas: 1) the physics of the 
acceleration process i n  a coaxial gun, especially those phenomena which 
influence efficiency, and 2) the engineering f eas ib i l i t y  of the free gas- 
flow, high repet i t ion rate mode of operation discussed previously. 
In general, we have tended t o  give pr ior i ty  t o  the physical measure- 
The reason is  simply that u n t i l  ments of plasma phenomena i n  the gun. 
we understand the acceleration process i n  detail ,  there are no clear 
guideposts fo r  optimization of the design. Conversely, i f  it can be 
demonstrated, using the  single-shot operation w e  employ i n  these measure- 
ments, that plasma acceleration in this device i s  in t r ins ica l ly  ineff ic ient  
and unsuitable fo r  propulsion, there w i l l  be no point a t  a l l  i n  making the 
gun f i re  at  a fast rate. 
forward. 
However, preparations f o r  fast f i r i ng  have gone 
The experiments undertaken i n  the course of this work have been 
done on a series of coaxial guns which successively incorporate para- 
meter changes dictated by the experfmental results. 
as Mark I through Mark IV. 
meters and experimental behavior chronologically and defer a description 
of mechanical de ta i l s  t o  appendices at  the end of this mport, 
W e  designate these 
We w i l l  discuss t h e i r  characterist ic para- 
The principal diagnostic too ls  employed i n  this  work have been magnetic 
and e l ec t r i c  probes. 
cornbination, they allow the inference of a very wide range of plasma parameters, 
and are superior, for  our purposes, t o  any other available diagnostic technique. 
W e  w i l l  f irst discuss their use i n  8ome detai l ,  
Each type of probe is  a powerful instrument, but i n  
E. Magnetic Probes 
The magnetic probe technique has been employed successfully in experi- 
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mental plasma physics fo r  several years(2). 
a small coil, suitably protected by an insulating jacket, into the plasma. 
The c o i l  output is  passed through an integrating circui t ,  (since i t s  direct  
output i s  proportional t o  aB/a t )  and the integrator output i s  displayed on 
an oscilloscope. 
under study i s  used t o  t r igger  the oscilloscope, which then displays a 
graph of B ( t )  at  the probe position, 
ducible from shot t o  shot, (as may be determined by photographically super- 
posing t races  taken a t  one position) the f i e l d  may be mapped by moving the 
probe t o  various positions and repeating the procedure. H a v i n g ,  at the  end 
of an experiment, a set of photographs of B ( t )  t races  at various positions, 
one may then select  a certain instant of t i m e ,  common t o  a l l  the traces, and 
plot  B(;) at  t ha t  time. 
display several such maps of B. It i s  usual that only one, o r  at  most two, 
components of B are present i n  the apparatus under study, and usually there 
i s  sufficient geometrical symmetry i n  the device t o  allow a f a i r l y  simple 
application of the Maxwell equation 
It simply consists of inserting 
The i n i t i a l  rise of current i n  the pulsed plasma device 
If the  device i s  suff ic ient ly  repro- 
In the  following descriptions of experiments, w e  
(where p , as always, i s  the  permittivity of free space)and hence, a deter- 
mination of the current density distribution. For example, i n  our coaxitll 
gun, i n  the absence of instabi l i ty ,  only Bo i s  present, and the above 
equation reduces t o  p j 
the ba r re l  i s  then just 
0 
= aB$az. The Lorentz force on the plasma along o r  
There are some legitimate objections which can be raised t o  the use 
of magnetic probes i n  the manner described above. 
that there exists a hazard of a l ter ing the properties of a plasma by the 
very act  of thrusting a material object in to  it. 
around the probe jacket i s  certainly cooled t o  some extent, and as a conse- 
The most f'undamental i s  
A certain volume immediately 
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quence becomes more resistive. 
results of considerable experience and experiment on this point, together 
with a semi-qualitative Justification of the technique in  certain tempera- 
ture and density regimes. We first  observe that i n  a system characterized 
by broad and continuous current distributions, the magnetic f ield at m y  
point is  the vector sum of contributions From current elements throughout 
the system. 
density in a s m a l l  region wiU not, in general, seriously change the loca l  
magnetic f i e l d j  this is the very argument that applies t o  a magnetic probe. 
It is not valid,  however, i n  thecase of nearly discontinuous f i e l d  distri- 
butions where the sharper features of the f i e ld  pattern are necessarily 
produced by loca l  currents. That i s  t o  say, some spa t i a l  resolution w i l l  
be lost3 it is found experimentally, however, that fo r  plasma conditions 
w e  encounter i n  t h i s  work, t h i s  loss is negligible. 
argument may be quite valid, we s t i l l  are i n  trouble at  the conduction 
"hole" bored by the probe is too large, i n  particular, if it is any 
substantial  fraction of the system dimensions. The size of t h i s  perturbed 
region w i l l  depend upon plasma density and temperature, and will be largest  
f o r  hot, low density plasmas. 
on this point: 
tural features of the field which are adequately smal3., th i s  worry is 
automatically disposed of. We have, indeed, observed large f i e l d  changes 
over distances less than twice the diameter of the probe jacket, which 
indicates amply sma71 perturbation. 
To this ob3ection ore can only bring the 
Stated i n  other terms, the complete removal of the current 
While the above 
We resort  again t o  a sufficiency argument 
if one can actually observe,by means of the probe, struc- 
Another problem, i n  principle, i n  the use of jacketed probes, i s  that 
f o r  a plasma of sufficiently good conductivity, there should be a delay 
in the flow of f i e l d  l i nes  out of the  near plasma region and into the 
probe, corresponding t o  ordinary f i e l d  diffusion tines through a conductor. 
This delay would appear as both a delay and an attenuation on the signal 
read out by the probe. 
conductivity of the plasma near the probe be neither too high nor too low - 
a t  least, not low by reason of cooling t o  the probe jacket. 
there are excellent operational checks on the existence of any attenuation 
o r  delay. 
flows in a thin, azimuthally symmetric sheet, the instant of crossing a 
One is then i n  the dilemma of desiring tha t  the  
Fortunately, 
In  a coaxial gun, where under certain conditions, the current 
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cer tain point in the barrel by the moving current layer may be observed 
with e l ec t r i c  as w e l l  as magnetic probes. In a si tuat ion Wte similar 
t o  tha t  i n  the present work, these two indications of sheet arrival w e r e  
simultaneous t o  within the l imits  of detectabil i ty,  indicating that any 
B-probe delay w a s  negligible. 
measured behind the current sheet was used t o  compte a t o t a l  current, 
and t h i s  agreed w e l l  with an independent external current measurement. 
Similar verification experiments have been performed i n  pinched discharge 
devices, and t o  our knowledge, no instance of delay o r  attenuation has 
been observed. One may argue, i n  a semi-quantitative way, that this 
result should perhaps be expected. 
f o r  the conduction skin depth 6 using the one-dwnsional expression 
I n  the same experiment the  value of Be 
If we compute an approximate value 
6* = (mks), 
I-IO 
where we use the approximate Spitzer relation(3) for r e s i s t i v i ty  
and also assume a 10 e.v. plasma temperature, we get a skin depth of 
about 2 millimeters i n  t = Since our probe r ad i i  are jus t  
this size, w e  see that an adequate rate of flux flow in to  the probe 
in t e r io r  may reasonably be achieved. 
assumption on plasma temperature here, but when this device is  compared, 
both i n  configuration and gas species, t o  such devices as deuterium 
pinches whose temperatures in general vaxy from 20 t o  40 e.v., it seems 
certain that the  heavy propellants used i n  these guns are not hot ter  
than 10 e.v. 
sec. 
We have inserted a rather strong 
F, Elec t r ic  Probes 
The c lass ica l  mode of e lec t r ic  probe operation i s  that attr ibuted 
to Langmir(4). An insulated xire having an exposed t i p  i s  inserted in to  
the plasma, and is  biased a t  various voltages with respect t o  some refer- 
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ence point i n  the system, usually an electrode. The currents drawn by 
the probe f o r  various voltages are plotted as a "probe characterist ic" 
whose features are interpreted i n  terms of plasma potential, ion and 
electron densit ies and plasma temperature, Such a procedure i s  only 
valid fo r  cer ta in  "pure" cases, however. The plasma m u s t  be in thermal 
equilibrium and free of magnetic fields, and the probe must be of 
a simple configuration, i.e., a plane, cylinder, o r  sphere. 
In the  case of the plasmas produced i n  our experiments, the L-r 
technique is  ruled out on several grounds, 
permeates the system, thermal equilibrium i s  pmbably not even approxi- 
mately attained, and i n  particular, the ion and electron densit ies are 
so high that destructive currents would be drawn t o  the probe i f  the 
bias potent ia l  were moved appreciably away f r o m  t he  "floating" value. 
Floating potent ia l  on an e lec t r ic  probe i s  the potent ia l  a t  which i t s  
cwrrent i s  zero, i.e., when an equal flux of ions and electrons are reaching 
t he  exposed t i p .  Since the  flux of electrons t o  any open element of area 
is  far higher thsn that of the ions, f loating potent ia l  can only be at  a 
value suff ic ient ly  negative with respect t o  the plasma potent ia l  t o  repel 
almost all the electrons. This w i l l  generalljr be a value of about -We/" 
(where k = Boltzman's constant, Te = electron temperature, e = electronic 
charge. ) 
A strong magnetic f i e ld  
I n  our application, the probes are used only t o  determine a value of 
local f l o a t i n g  potential. This determination places no demands upon 
the  plasma i n  regard t o  accurate thermal equilibrium, o r  even magnetic f ie ld ,  
since the  value kTe/e for  the difference between plasma and f loat ing potentials 
w i l l  be maintained whenever the electron flux i s  substantially larger  than 
ion flux i n  the  plasma, even though it may be much less than it would have 
been i n  a field-free, equilibrium plasma. Furtherare ,  even i f  the  two 
probes have greatly different collection areas, the Hp difference will be 
unaffected, since no current i s  being drawn from either. While any knowledge 
of plasma potent ia l  depends on an independent measure of kT, we may determine 
plasma potent ia l  differences between nei-ring points (of similar k ~ )  
by simply noting the differences between the voltages on two probes . ( 5 )  
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" h i s ,  then, allows a determination of the average E f ie ld  along a l ine  
connecting the t i p s ,  
I n  practice, we have eqloyed a double probe consisting of a co- 
a x i a l  l ine w h o s e  Inner and outer conductors are exposed t o  the plasma, at 
points separated by one cm along the common axis, The two outputs are 
fed through a pulse transformer t o  an oscilloscope, and the data are 
recorded i n  the  same magner as described f o r  magnetic probes, 
of construction of the probe and transformer are given i n  Appendices 
11, 111, and Figures 32 and 33. 
D e t a i l s  
The u t i l i t y  of E-f ie ld  determinations i n  tbis work can  be seen by 
a consideration of the  microscopic processes involved i n  the acceleration 
of a plasma by Lorentz forces. 
a f lu id  conductor, the statement t h a t  ? = 5' x 
the value of loca l  density, t o  determine the acceleration. of a volume 
element. However, i n  a real plasma, the conduction current i s  carried 
almost ent i re ly  by the  electrons, and the Lorentz force i s  applied t o  t h e m  
alone, The electrons tend t o  move ahead of the ions as a result of  t h i s  
preferent ia l  acceleration and i n  so doing, set up a space-charge spearation 
f i e l d  which i n  the cylindrical  coordinates of our guns i s  EZ, "his EZ f ie ld ,  
then, ac t s  on the ions and accelerates them such that i n  a gross sense, there 
i s  never a large physical separation of posit ive and negative charges, 
When the ionized gas i s  viewed simply as 
suffices, together with 
Since the  ions contain almost the  en t i r e  plasma mass, and the electrons 
carry essent ia l ly  all the current, one may simply equate the e lec t ros ta t ic  
force per unit voluxne on the ions t o  x 5. Jn cgs units, this becomes 
where ni = ion density; o r  
Now, t h i s  allows, i n  principle, a mans of determining the d is t r i -  
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. 
bution of ion densities, since our two kinds of probes give EZ, Be, and 
B $ a z  explicit ly.  
calculations, 
The data shown later in t h i s  report include such 
Another direct  use which can be made of the EZ dis t r ibut ion i s  the  
estimation of the directed velocity of ions after the acceleration cycle 
i s  complete. 
t o  ions is  en t i re ly  through the e lec t r ic  f ie ld ,  we sinply write 
Since, for present purposes, we asmm that momentum transfer 
n 
miAv =JeEzdt 
Now, since the output of the  e lec t r ic  probe is  proportional t o  the average 
E Z ( t )  between t ips ,  we need only t o  integrate the oscilloscope readout of 
E However, the procedure is, in general, not as 
simple as integrating a single trace from one position of the E probe, 
since during i t s  acceleration, the ion moves from one probe posit ion t o  
another, and w e  must follow the  ion i n  measuring the momentum transfer. 
T h i s  mahes necessary a piecemeal integration, where E Z ( t )  a t  one posit ion 
i s  integrated only up t o  such a t i m e  where the ion would ham crossed over 
in to  the domain of the next EZ trace i n  the mapping, 
then continued in this fashion u n t i l  EZ a t  the ion goes t o  zero. 
of this type of velocity determination are given in  the following descriptions 
of experiment s , 
t o  get a measure of Av. Z 
The procedure i s  
Exaqples 
G, Emerimental Devices and Results 
1. Mark I 
The first experiments performed under this contract were done on an 
The device is shown i n  the  photograph of accelerator designated Mark I. 
Figure 2, and the pertinent electrode dimensions and gas feed position are 
l is ted in Table 1, page 45 A magnetically operated gas valve was located 
inside the  central  electrode, and since this electrode w a s  mounted d i rec t ly  
on the  high voltage terminal of the single 1.6 pfd, 25 kv. storage capacitor, 
the pulsing c i r cu i t s  f o r  the  valve were all bat tery operated and isolated f r o m  
ground. 
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The center electrode was the cathode in this SKi all the following 
Some brief running was done at the opposite polarity, and experimnts. 
it appeared that the central  cathode gave the least e r r a t i c  operation; 
however, no systematic study of this effect  was made during the period 
of this report. 
s he hrge 3' x 3' x 4' vacuum tank provided as a free expansion 
volume f o r  the expelled gas from the gun w a s  not actually employed i n  
these experiments fo r  the  reason that it did not allow easy access t o  
the gun muzzle f o r  the  use of probes. 
glass pipe was attached t o  the tank port, and the gun inser ted into one 
of the  transverse arms. 
f eed-throughs . 
Instead, a cross of standard 6" 
The opposite arm was then used t o  mount probe 
It was recognized at  the outset tha t  the external paras i t ic  induc- 
tance of this gun was too large for  e f f ic ien t  operation i n  terms of the  
,!&/Lo criterion. 
would be very important t o  our program i n  many other ways. Firs t ,  f o r  
studies of the  acceleration process, the  external inductance i s  not of 
fimdamental importance. Furthermore, this i n i t i a l  phase of the  program 
would ha= as i ts  main function the proving out of varlous experimental 
and operationsl techniques, and here, again, the inductance issue i s  not 
Nevertheless, it w a s  fel t  tha t  such an accelerator 
important . 
The e l ec t r i ca l  schematic of Figure 3, which applies i n  par t icular  
t o  the Mk I1 through Mk IV guns, i s  also applicable here, except t ha t  
as stated before, the gas pulser w a s  isolated from ground, battery 
operated, and f i red through an isolat ing H.V. pulse transformer. A f t e r  
each shot, t he  capacitor w a s  re-charged through the  indicated 2 megohm 
resis tor ,  aad this ,  together with the time required t o  pump the system 
free of the  indected gas, limited the shot repet i t ion rate t o  two, or at  
mst three, per minute. 
admit  the  gas. I ts  driving c i rcu i t  i s  shown i n  Figure 4. 
pulse pulled the  needle t o  an effectively fd l -open  position i n  probably 
less than a millisecond, the inertia of the solenoid core held it open for  
a substantially longer time, such tha t  even after the shot, a great deal of 
gas entered the system. 
A solenoid-operated needle valve was used t o  
While the applied 
This open t i m e  was a sensitive function of the  
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FIG. 4. GAS VALVE PULSLNG CIRCUIT 
energy f i r ed  in to  the solenoid by the  pulser, and the excess flow was 
also highly dependent of the size of the hole opened by the  needle. 
These were all varied at  different times during the experiments in an 
ef for t  t o  develop a reliable and leak-free va.lm design. The best com- 
bination of an a l l - m e t a l  valve proved t o  be a polished dril l-rod needle 
and an aluminum seat, but the r e l i ab i l i t y  was not good enough, and the 
final solution was t o  put a miniature O - r i n g  around the needle t ip ,  as 
shown i n  Figure 5 .  
Since the only a t t r ibu te  of the v a l v e  which is important for single  
shot operation i s  that it opens quickly enough, the problem of the excess 
flow w a s  ignored in these experiments. 
Early operation of Mk I was involved with finding combinations of 
gas pressure, voltage, and valve design which would produce a discharge 
showing evidence of motion down the barrel. For this program, magnetic 
probes were used alone t o  observe the t i m e  dependence of Be distributions 
i n  the gun. 
current density peaked at  the rear insulator, a.nd remained there. 
trouble appeared t o  be that the gas influx w a s  too slow, with the result 
tha t  by the  time the pressure had r isen t o  a breakdown level, it had 
distributed itself broadly throughout the tube, and onto the insulator, 
where the discharge in i t ia ted ,  An  increase in gas flow rate had the ef fec t  
of moving t he  ini t ia l  current flow up t o  the gas ports, and the acceleration 
of the  current layer then appeared "normal". 
The very first attempts were unsuccessf'ul since the discharge 
?2he 
In all this i n i t i a l  program, the propellant erqployed was argon. The 
choice of gas was made on the basis of its ease of procurement azld bandling, 
as w e l l  as i t s  advantage fromthe point of v i e w  of ionization loss per unit 
mass-flow from the gun. Clearly, at the same exit velocity, t h e  r a t io  of 
ionization energy (a loss, in terms of efficiency) t o  the translati- kinetic 
energy of the ion drops with increasing ion mass. 
A f a i r l y  extensive program was necessary i n  order t o  put the E-probe 
i n t o  operation. 
before, i s  f a i r l y  simple, there are d i f f i cu l t  technical problems involved, 
These me almost all associated with the fact that the difference voltage 
While the principle of operation, which has been described 
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between the  two probe t i p s  i s  less  by about two orders of magnitude than 
the  "common mode" signal; i.e., we typical ly  obtain a hundred vol t s  differ- 
ence between two t en  kilovolt  signals. 
d i f fe ren t ia l  c i rcu i t  should then be a t  least a factor  of 10 
higher, In the Mk I experiments, each of the probes was brought t o  an 
external 1OO:l resistive divider, and the  outputs of these were sent t o  the 
two sides of a Tektronixtype G d i f fe ren t ia l  preamplifier on a type 555 
oscilloscope. 
balancing the  two sides of the  system in order that the commn-mode re- 
jection fo r  the higher frequencies would be adequate, 
cut t o  exactly equal lengths3 the  dividers had not only t o  have the same 
division r a t io  but had t o  be physically ident ical  t o  the extent that a small 
loop in a connection i n  one had t o  be duplicated i n  the other. 
dividers w e r e  mounted together and had t o  be located in a position carefully 
selected t o  minimize the difference signal resulting from their acting 
together as a loop, and picking up t ransient  magnetic fields fromthe gun. 
The preamplifier itself had t o  be re-balanced on each of the gain ranges 
employed in the  e q r i m e n t .  A f t e r  considerable attention t o  de t a i l s  of this 
sort, the behavior of the probe w a s  made adequate fo r  our purposes, although 
there was some undesirable feed-through at the highest frequencies, 
The common-mde rejection i n  the 
3 and preferably 
It was found necessary t o  go t o  rather extreme lengths in 
A l l  leads had t o  be 
The two 
The concept of using E and B measurements together t o  determine ion 
densities and ion momentum transfer evolved during the course of this work, 
and as far as we know, it had never been attempted previously. 
seemed t o  be of the greatest importance at  this point, and accordingly, the 
maJority of the  ensuing Mk I experiments dealt with jus t  such deteminations. 
The scheme 
I n  obtaining a connplete set of data suitable for finding ni(z, t), it 
i s  necessary tha t  the system operate over a large n-er of shots with very 
good s tabi l i ty .  The effect  of such a constraint on most systems such as this, 
w h e r e  many conrponents are i n  the process of development, i s  t o  reduce the 
probabili ty of success on any given run t o  much less than one. 
w a s  typical  here t o  have runs interrupted by fa i lures  of gun insulation, 
gas valve, probes, voltage supply or  even the oscilloscope, 
was rewarded, and some excellent sets of data were obtained. 
That is, it 
However, patience 
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Figure 6 through 8 are plo ts  of Be, EZ, and ni for various times 
subsequent t o  the first current rise in the gun, The operating condi- 
t i ons  were: 
Voltage 15.6 kv 
Pressure behind gas valve 170 mm Hg; 
EZ probe t i p  spacing 6 m  
Figure 9 is a set of three corresponding oscilloscope records of Be(t) 
and EZ(t)  at three E U C I ~ ~  positions; a l l  were taken at a radial posit ion 
halfWay between the electrodes. The propagation of the current layer 
down the barrel is evident. 
Several comments on these data are in order. Firs t ,  the spatial 
dis t r ibut ion of EZ, especiaJly for  the 0.4 psec t i m e ,  appears strange 
at first glance, since it has a pronounced dip just where  the Be curve 
is steepest, or  e q y i a e n t l y ,  where jr i s  peaked. However, the straqge- 
ness disappesrs when one calculates n 
a simple peaked Di c m  which duplicates almost exactly the d i s t r i -  
dependent ionization fraction, i.e,, a s i tuat ion w h e r e  the current, as an 
ionizing agent, competes with some rapid reconibination process. We see 
that this peaked ionization dis t r ibut ion w v e s  toward the gun muzzle at 
since we obtain from these curves i’ 
b ution of 3, in z. This would be the  natural  consequence of a current- 
the velocity of the current layer, (-1.5 x 10 7 cm/sec) suggesting, alterna- 
t i v e l y  t o  the ionizatlon-recombination picture given above that a group of 
ions is  actual ly  being carried along by the current at this speed. 
choice between these two interpretations 1s qpickly made, however, when 
we  calculate Avi through integrating E,(t), as explained previously. 
W e  find that the largest Avi that can be obtained for  any starting point 
along the tube is about 1.5 x 10 cdsec ,  o r  a Arll fac tor  of 10 less 
than the speed of the distribution! 
velocity for the mass on quite Independent grounds. 
of ni given i n  Figure 8, and calculate the t o t a l  plasma kinet ic  energy 
at v = 1.5 x 10 we obtain approximately the whole initial capacitor energy3 
A 
6 
We can also ru le out the larger  
If we use the values 
7 
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E F I G U R E  9. TIME DISTRIBUTIONS O F  Be  (UPPER T R A C E )  AND E 
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i.e., nearly lo$ efficiency would be implied. A simple observation of 
the  amplitude of the ringing current i n  the capacitor leads one t o  con- 
clude, however, that  16 efficiency could not have been exceeded. 
An important conclusion t o  be drawn f romth i s  result i s  that the 
ident i f icat ion of a moving current distribution, a rnoving luminous front, 
o r  even a moving charge distribution (which would have also been seen as 
such using doppler microwave techniques) w i t h  an actual  motion of plasma 
i s  very hazardous, indeed. 
A further result of interest  i s  that  shown i n  the  Be and EZ plot  fo r  
t = 0.9 psec. 
current i n  the external c i rcui t  i s  osci l la t ing back toward zero, The re- 
sult 3s positive gradient of Ba i n  the region of z = 8 t o  I 2  cm, and this  
should produce a backward acceleration of the plasma, 
ment w i t h  t h i s  conclusion, that EZ has changed sign, as it must i f  our con- 
jecture as t o  the or igin of EZ i s  correct a t  all, 
reversal  occurs a t  the point of Be slope reversal also indicates that the 
azwunt of spurious noise or  unbalance i n  the EZ measuring c i rcu i t s  i s  ade- 
quately small. There i s  a hint i n  the data of how large such "noise" 
might be, i n  that we note that the t o t a l  number of ions in the distribution 
at t = 0.6 psec, i s  actually shown t o  be larger  than tha t  at  0.5 psec, a 
rather unlikely result. 
the EZ points used i n  computing n were a l l  j u s t  s l igh t ly  greater thss zero; 
a very slight downward displacement of the baseline would drast ical ly  reduce 
the  value of n indicating tha t  a zero e r ror  of this magnitude was probably 
involved. 
by the  e r ror  bars) we may be f a i r l y  confident of the results obtained f o r  
the earlier times. 
Here, B at the rear of the  gun has begun t o  drop since the e 
We observe, i n  agree- 
The fac t  thst the EZ 
Reference t o  the  EZ curve f o r  t = 0.6 shows that 
i 
i' 
While t h i s  particular ni curve i s  somewhat shaky, (as also shown 
The physical s i tuat ion which appears t o  exist, then, i s  tha t  of a 
wave"  of current and ionization proceeding rapidly through the gas, and l t  
transferring some momentum t o  it, but not bringing the  actual plasma velocity 
t o  anything l i ke  the  desired value. In t h i s  regard, one important point re- 
lated t o  the theoret ical  discussions of the  introduction t o  t h i s  report must 
be made. It w a s  stated that the rate of t ranslat ional  energy input t o  the 
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accelerating plasma is  9 I2 &/at. 
implication, a simple notion of a moving massive c i r cu i t  boundary which 
moved along w i t h  the expanding current. I n  the present experiment the 
mass and the expanding c i rcu i t  move separately; nevertheless, the rate 
of t ranslat ional  work on the  plasma is  s t i l l  
determined by the position of the current layer. 
simply another way of writing F' G, and i n  this sense, we may jus t  observe 
that i n  the  experiment, F' i s  a "drag" force exerted on the  ions which 
stream (relatively) past the current layer rather than a force representing 
the rate of change of momentum of mass resident in  the current layer. 
i s  not clear w h a t  determines the actual velocity of the current d i s t r i -  
bution, but fo r  the given velocity, it is  evident that the t o t a l  plasma 
mass upon which the gun has chosen t o  break down i s  too. large for at ta in-  
ment of v = 10 
The r e s u l t  was obtained using, by 
2 I dL/dt, where L i s  
This work term is 
It 
7 w i t h  the available energy. 
A t  about the time the above experiments w e r e  completed, the components 
of the Mark I1 gun were available, and it was decided t o  defer the problem 
of the obvious propeUant mass mismatch t o  the new apparatus. 
2, Mark I1 
The Mark I1 gun w a s  designed t o  have the lowest parasi t ic  source 
inductance which could be attained with available components. It was 
decided t o  employ a capacitance of 1 pfd, i n  order that compatability 
w i t h  the eventual use of a high Q unit  such as a vacuum capacitor would 
be maintained. 
w a s  able t o  supply capacitors of 0.1 Crfd, 20 kv rat ing whose  natural 
ringing frequency was 3.0 mc. 
arranged i n  a circle,  connected t o  the  coaxial gun at the center by 
means of a parallel-plate transmission l ine.  
was made heavy enough t o  serve as a mounting base and suspension f o r  a l l  
the capacitors plus the gun. 
is  shown i n  Figures 10 through 14, and a cross-sectional assenibly drawing 
is given i n  Figure 15. 
modifications of t he  gun. 
The Axel Electronics Corporation of Jamaica, New York 
Our design then incorporated ten  of these 
The rear circular plate 
This gun, in its various stages of assembly, 
Table I gives the barrel psrameters f o r  various 


FIGURE 12. MARK I1 GUN 
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FIGURE 13. MARK I1 GUN 
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FIGURE 14. MARK I1 GUN 
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The inductance of the t en  capacitors i n  parallel as calculated from 
their ring- frequency, i s  3 x lo-’ h. The transmission line, allowing 
f o r  slightly more gap between the p la tes  than the ideal 1/8” of the design 
i s  2 x log9 h. Now the barrel adopted f o r  this gun has inner and outer 
bar re l  radii of approximately 1.85 and 3.9 cm, respectively, which means 
an L‘ of 1.4 x lo-’ h/cm; i n  other words, the t o t a l  external s o m e  in- 
ductance i s  equivalent t o  3 cm of bsrrel length. Since the gas par t s  are 
located 2.5 cms out slong the barrel, the K/L0 efficiency cr i te r ion  then 
requires that the acceleration of the plasma in th i s  gun should take place 
over at least 6 cm of the length of the barrel. 
ductance i s  8.5 x lo” h and the ringing frequency is then 1.7 Mc/s. 
The t o t a l  paras i t ic  in- 
A t  t h i s  point, however, a d i f f icu l ty  arises, in that if one r eu res  
that a/v = ‘dE where L = JL‘, as given previously, t he  barrel length A 
instead, we ask fo r  acceleration over a full e lec t r i ca l  period, such 
that A/v = 2n m, A turns out t o  be about 5.5 cms. In  any event, it 
was clear t h a t  we would probably not sa t i s fy  &/Lo > 1 by a large margin. 
In the actual design of the gun, it w a s  felt  that w h i l e  the external 
inductance had st i l l  not been reduced as far as would have been i d e a l  the 
attainable &/Lo would probably be great enough t o  give evidence of more 
ef f ic ien t  ogeration, e.g., some asymmetrical di6tOrtiOn of the current 
wave-form away from sinusoidal. 
not a sufficient indicator of efficiency, however, since i n s t a b i l i t i e s  
can also result in large AI,.) Furthermore, a l l  the advantages of Law thermal 
losses  due t o  short transmit time in the barrel, together with the favorable 
scaling with respect t o  the interchange (Rayleigh-Taylor) ine tab i l i t i es ,  
should be obtained with a short b a r r e l  length. 
corregonding t o  C = 1 bfd and v = 10 7 cm/sec is  only about 1.4 mm! If 
(Asymmetry of the current wave-form i s  
For mchanical convenience, 
as well as t o  take advantage of possible full-cycle operation, the barrel 
w a s  made about 8 cm long. 
I n i t i a l  attempts t o  operate this gun were unsuccessful because of 
leakage conductance which appeared across the A& 0 
a f e w  shots. 
the capacitor. 
Bheet insulator after 
2 3  
This conductance became high enough t o  prevent charging of 
A f t e r  it was concluded that simple cleanlng w o u l d  not suffice, 
and also that the insulator conductance was actual ly  a metallic deposit 
from the electrodes, an elrtra insulating array, designed t o  shield the 
or ig ina l  sheet against sputtered metallic deposits, was instal led.  
arranganent, shown i n  Figure 16, was successful, snd allowed steady 
operation except fo r  occasional fractures of these glass shadow r i n g s  by 
!Phis 
pre-firing of the gun. 
I n i t i a l  probe runs and current t races  showed no sign either of si&- 
f icar t  t o t a l  inductance change, o r  even of plasma acceleration in the 
barrel. 
and on the assumption that the d i f f icu l ty  may again have been that too 
heavy a gas load was present at breakdown, a set of data were taken w i t h  
Hydrogen as the propellant, the  idea being t h a t  since the ionization poten t ia l s  
w e r e  not too different,  one might expact a discharge on roughly &he same 
number of atoms, and consequently, a much lighter mass loading. The result 
was a discharge which propagated rapidly down the  barrel, and produced a 
strikingly asymmetric current wave, indicative of a large inductance change. 
The EZ f ie ld  observed during the discharge implied that here the Hydrogen ions 
were being accelerated t o  something like the 10 
These data, as those in the Mark I, were obtained using argon, 
7 cm/sec current sheet 
velocity . 
While this resu l t  was encouraging i n  that it appared t o  bear out 
the diagnosis of the trouble in accelerating argon, it was not itself a 
cure, since for  reasons of high ionization and dissociation loss, as mentioned 
before, Eydrogen cannot be considered as a propellant for  spaceflight 
applications, at least not for  values of I of less than 10,OOO sec. A t  
t h i s  point, however, a search fo r  propellants lighter than argon was under- 
taken. Since w e  d e s i r e d t o  avoid fo r  the moment the technical d i f f i cu l t i e s  
of mli metals, l i t h i u m  was not considered. 
in  spite of d i f f i cu l t  ultimate storage problems, but in trials i n  the gun, 
proved extremely e r r a t i c  I n  i t s  discharge characterist ics,  a resu l t  which i s  
probably due i n  some measure t o  the very Ugh ionization potential .  
it was decided t o  employ Nitrogen, since it i s  exkremely easy t o  obtain, 
handle, and store, and i s  the lightest element heavier than Hydrogen ha- 
these properties. 
SP 
Hel ium represented a poss ib i l i ty  
Finally, 
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When N2 was put in to  the gun, it was c lear  that acceleration of the 
plasma was being obtained. However, the EZ t i m e  integrals w e r e  again not 
sufficiently large, and plasma velocit ies w e r e  apparently no greater than 
3 x 10 cm/sec. 6 
Figure 17 is  representative of these results. There i s  m simple 
current layer detachment and forward propagationj rather the "toe" of the 
Be dist r ibut ion mv-es outward at  a slow rate, and most of the infomation 
on plasma acceleration i s  cantained i n  the EZ curves. 
is the plot  f o r  t = 0-1 psec, where EZ i s  considerably lxrger than it is 
at later timesj this is due t o  the incomplete ionization of the  gas at this 
instant. The low ion density, together with a fairly large 3 x s, result 
i n  large acceleration per ion and consequently large E. It w i l l  be noted 
that there i s  a sharp dip in  EZ a t  about z = 3.5 just beyond the posit ion 
of the gas ports, indicative of n being peaked here. This is  clear  evidence 
that the i n i t i a l  breakdown occurred n e a r  the 
seen f r o m  the p lo t s  f o r  later times, transferred t o  the insulator. 
ion densit ies f o r  this run are between 2 and 4 x l O l 5  per c.c., and these 
are fairly uniform, i.e-, there does not appear f o  be a peaking, as i n  the 
Mark I data. 
Of special  interest 
i 
gas ports, and later as 
Computed 
An unavoidable conclusion from these results i s  that even for dt rcgen ,  
a serious mismatch exists between the e l e c t r i c a l  system and the plasma 
mass. Clearly, AL i s  s t i l l  a small number f o r  the  data shown above. On 
t he  basis of the  trial run with Hydrogen, it might be concluded that the 
mass of N2 i s  about an order of magnitude too high, in which ca8e one might 
attenrpt renredles of two separate kinds: first, t o  attempt t o  induce e a r l y  
breakdown by external means such as magnetic fields and i r radiat ion of the  
1 
gas, o r  alternatively, 
W e  recall that an 
was previously defined 
t o  adjust other system parameters t o  improve the matching. 
approximate matching of t h e  propellant t o  the gun 
b Y  
If m is indeed an order of magnitude high, 
-49- 
we may consider an adjustment of 
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. 
some other parameter i n  IC, since as has been seen, m i s  hard t o  control. 
Both V and L '  are hard t o  raise much above already used values, since L 
varies only as log b/a and Vo much larger  than the 15 t o  20 kv range places 
severe demands upon the internal  gun insulator. 
coordinate zo would have t o  be lowered, and t h i s  i s  clear ly  impossible here. 
The capacitance C remains as the single variable which can influence the  
rnatch sensit ively and i n  the right direction. 
0 
The i n i t i a l  discharge 
An upward adjustment of C represents a retreat from our previous 
stand at a one microfarad maximum; however, a decision was made t o  take 
t h i s  step, since it appeared more important a t  this time t o  prove the 
gun concept i n  principle, than t o  be too severely constrained by 
engineering considerations. Accordingly, an order was placed for  a set 
of 0.5 pTd, 25 kv uni t s  (Axel) which w e r e ,  except fo r  capacitance and 
depth of the cans, ident ical  t o  the 0.1 vfd capacitors. 
t i o n  of parameters was dubbed Mark 111. 
The new combina- 
3. m r k  I11 
A simple qualitative argument serves t o  demonstrate how strong an 
e f fec t  this upward adjustment of C might be expected t o  have, assuming 
no inductance change i n  the capacitor. 
importance, together with t h e i r  factors of Increase: 
We list several quantit ies of 
B x J5 
X 5 2 Force (-B ) 
Period ( T ~ )  x J5 
Momentum (=F. T ~ )  x 5 J5 
X 1 2 5  
2 
Energy [-@To) 1 
(since m i s  constant) 
Stored energy (W,) X 5 
Efficiency 'w (FT)2" X 25 
0 
Experimental data taken with the  Mark I11 configuration appear to 
bear these qualitative predictions out completely. In Figure 18 are pre- 
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DISTRIBUTIONS OF Be AND EZ FOR TRE MARK I11 GUN A!C 14 KV. THE GAS PORTS ARE 
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sented data which may be compared directly 
Mk 11. The p lo ts  are on the same distance 
done at  different tine interva.ls. 
a 
* 
One sees that i n  Mark 111, the fields 
with those of Figure 17 f o r  
and amplitude scales, but are 
at 0.25 psec look rougbly like 
those in Mark 11, except that i n  the latter, Be near the rear has begun 
t o r i n g  back toward zero, and the resulting reduction i n  slope has dropped 
E 
produces a detached current layer  which moves toward'the muzzle at  10 cm/sec. 
grated over the area of the current sheet, w h e r e  A $zd - is the -tic 
pressure drop acmss the current deet, and dz is  an 
sheet travel. 
t r a n s i t  t i m e  of the sheet down the barrel, and by the sane arguments used 
previously, i s  quite independent of w h e t h e r  the ions follow at the current 
layer speed or  not. Since the Be dist r ibut ion inMark I1 moves so l i t t le,  
this integral is difficult t o  estimatej however, it appears that the energy 
somrewhat. However, the continuing current rise i n  the new gun rapidly 
7 Z 
The t o t a l  energy imparted t o  the plasma is about ,fA(B2/2po) dz, inte- 
crement of current 
This is exact ly  equivalent t o  Q dL/at integrated over the 
t ransfer  i n  Mark 111, as estimated in this way is at 
magnitude greater. 
It seems, f m m  the EZ data f o r  Mark II1,that in 
ions are actually moving at  a velocity cowarable t o  
least two orders of 
this instance, the  
that of the current 
layer. A f ie ld  of about 1 esu/cm is moving along w i t h  the c m n t ,  and 
this is approximately the f ie ld  which, i f  applied fo r  the t r ans i t  time, 
would accelerate a Nitrogen ion t o  10 7 cm/sec. 
I n  Figure 19 a m  four sets of Be and EZ traces fo r  different positions 
The delayed rise of Be w i t h  advancing z demonstrates the along the barrel. 
current sheet propagation, and a pulse of EZ is seen t o  accompany the current. 
As is plain f r o m  the p lo ts  of  Figure 18, however, the acceleration i s  far 
f r o m  complete when the cwrent  reaches the end of the gun, 
i t s  progress beyond the muzzle ( z  = 8.0), 
is continuing i n  a normal manner in the plume which extends out t o  twice 
this distance. Figure 20 shows B and E fo r  two external positions. Note 
that the reproducibility of the traces is s t i l l  excellent i n  the plume, an 
indication of good s tabi l i ty .  
W e  have followed 
and find that the acceleration 
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z FIGURE 19. 
( U P P E R  T R A C E ) .  
T I M E  DISTRIBUTION O F  Be  (LOWER T R A C E )  A N D E  
Be = 4 .8  KGAUSS/LARGE DIVISION, E = 0 . 9 5  STATVOLTS/ 
Z 
L A R G E  DIVISION. t = 0.2psecs/cm. 
z = 8.0 cms. 
T H E  M U Z Z L E  O F  THE GUN IS AT 
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2 = 9.5 cm 
z = 11.5 cm 
F I G U R E  20. T I M E  DISTRIBUTION O F  Be (LOWER T R A C E )  AND Ez 
( U P P E R  T R A C E )  BEYOND T H E  MUZZLE O F  THE GUN. Bo = 0.96 
KGAUSS/LARGE DIVISION, E 
t = 0.2p s e c s / c m .  
= 0 . 9 5  STATVOLTS/LARGE DIVISION. 
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W e  have obtained, inadvertently, an indication of actual  plasma 
velocity which is independent of probe data. 
preliminary setting-up of a monochromator for  spectral  studies, that 
when the instrument was sighted toward the gun along i ts  ax is ,  two d is t inc t  
flashes of light occurred, one at the t i m e  of the discharge, and the other 
several microseconds later, when the energy in the gun had long since de- 
cayed t o  zero. 
the gun, it was. verified that the second f lash resulted from the plasma 
striking t h i s  window. 
the gun discharge t i m e  o r  the r i s e  t i m e  of the second flash, it was possible 
t o  estimate the p lasm velocity by dividing the d r i f t  distance by the delay 
time. 
gun,voltages. 
related, as simple scaling muld predict, although zero velocity corresponds 
t o  somewhat more than zero voltage. 
It was noticed during the 
By s-ly m v i n g t h e  position of the vacuum window away from 
Since the t r a n s i t  time w a s  long corqared with either 
I n  Figure 21, the mnochmmator output i s  shown fo r  three different 
The plasma velocity and gun voltage appear t o  be l inear ly  
These results are plotted in Figure 22. 
The velocity of the current sheet, as determined from probes, was also 
measured fo r  several voltages. Surprisingly, it proved t o  be independent 
of voltage as shown in Figure 23. 
from EZ agreed with that obtained optically. The inference t o  be drawn seems 
t o  be that as the voltage on the gun i s  increased, the current sheet ac t s  
increasingly lFZre a tight 
plasma i s  actually achieving the desired speed. 
However, the plasma velocity calculafed 
and that at the  higher voltages, the 
While the t ransfer  of energy from the f i e l d  t o  the propeUant appears 
t o  proceed f a i r l y  e f f ic ien t ly  i n  this device, there is one aspect of i t s  
behavior which prevents high overa l l  efficiency; this is the tendency t o  
"crowbar", o r  set up secondary discharges at the insulator of the gun. 
Such short-circuiting prevents the flow of energy from the bsnk t o  the 
barrel, and vice versa, with the result that the portion of the energy which 
i s  thus sealed off in the bank and external circui t ry  must simply  dissipate 
i n  c i r c u i t  resistance. 
a t  zero bank voltage, (near current maximum) and the fraction of the tots 
magnetic energy left outside were small. However, this is not the case i n  
our device. As seen in the BG plots  of Figure 18, crowbesring i s  occurring 
This might not be intolerable if the crowbarriag occured 
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18K Volts 
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FIG. 21. TIME DISTRIBUTION OF THE INTENSITY OF THE 4094 
ANGSTROM LINE. t = 2. QLSEC/CM. THE SECOND PEAK 
OCCURS WHEU THE PLASMA STRIKES A GLASS PLATE 
70 CMS FROM THE MUZZLE OF THE GUN. 
c) 
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t 4 -  
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c) 
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FIG. 22. THE PLASMA VELOCITY D m R M I N E D  FROM THE MONOCHROMATOR 
DATA SHckJN IN FIGURF: 21. 
I 1 I I 1 
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- 1 8 K V  
-. I4 K V  - 1 0 K V  
FIG. 23. THE POSITION OF THE CURRENT SHEET AS DETERMINED 
BY THE RISE IN THE SLOPES OF THESE CURVES 
REPRESENT THE SHEGT VELOCITY. 
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at 0.35 psec, when the current i s  s t i l l  rising, and tbus efficiency is  
drast ical ly  lowered, since in addition t o  maximum current not being achieved 
in the plasma, the external inductance exceeds the internal inductance a t  
this t i m e .  
of the B ( t )  d is t r tbut ion at a fixed posit ion close t o  the insulator, with the 
external current. In Figure 24, B(%) follows I(t) for. 0.2 psecs then breaks, 
indicating that a current sheet has formed between the probe and the  in- 
sulator. 
This crowbarring can be o b s e m d  d i rec t ly  by comparing the shape 
4. B s l l i s t i c  Pendulum Measurements 
AXhough we bad not relied t o  any extent on external momentum measuring 
procedures up t o  this point in the program, it seemed worthwhile t o  expend 
t h e  small e f fo r t  needed t o  i n s t a l l  a calorimeter-type b a l l i s t i c  pendulum 
in front of the gun. 
There are several reasons why we have felt  t h a t  pendulum data i n  t h i s  
application must be suspect. Principal among them is  the fact ,  as seen i n  
t h e  prevlous data, that the  plasma, upon emerging fromthe gun, does not 
usually disconnect itself e lec t r ica l ly  from the gun, but rather draws after 
it a long plume of current. When the plasma i s  stopped by a pendulum there  
can then be a direct  transfer of momentum fromthe associated magnetic f i e l d  
rather than from the  kinet ic  momentum of the gas itself, ea6 321 erroneously 
high indication can result. 
of plasma energy i s  only valid i f  the plasma makes a completely ine las t ic  
col l is ion with the barrier, and i f  a l l  of the incident energy is  transferred 
t o  pendulum heat; it is useful, however, i n  that it places a lower l i m i t  on 
the plasma energy. 
The c4orimeter technique f o r  the measurement 
With these problems in mind, we hung a simple copper sheet pendulum at  
The general arrangement is a distance of 25 cm from the muzzle of the gun. 
shown in Figure 25. 
although generally not f o r  the saae shot. 
for the run of Figure 18 were  used. 
Both temperature rise and deflection were measured, 
For these runs, the conditions 
The proper mass fo r  the first pendulum t r i e d  w a s  estimated by using 
the  measured plasma velocity times a pLasma mass obtained by the E and B 
determination of ni and the approximate volume (100 cm’) occupied by the  :gas 
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FIGURE 24. 
TRACE) AND Be (LOWER TRACE) FOR THE MARK I11 GUN AT 14 KV. AND 
350 MM NITROGEN. 
TIME DISTRIBUTION O F  THE TOTAL CURRENT I (UPPER a 
THE B o  P R O B E  IS AT z = 1 cm, TIME SCALE = 0.2peecs/cm. 
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at the firing time. 
amplitude, determined the pendulum mass. When the gun w a s  fired onto this 
disk, a very large deflection resulted, and not until. the mass was increased 
a factor of t en  did the deflection attain the desired level. 
This mmentam, together w i t h  a convenient deflection 
The parameter values applicable t o  exgeriments w i t h  t h i s  modified 
pendulum were :  
Mass 66 (CUI 
Suspension length 65 cm 
Disk diameter I2 cm 
Distance from gun 25 
Deflection (average) 1.6 cm 
Spread of deflections +, 0.1 cm 
Temperature rise/shot 2.5"C 
Spread in AT f 0 . 5 O C  
Calculated momentum transfer 425 g-cm/sec 
Calculated heat transfer 75 joules 
The estimates of w h a t  plasm energy and momentum should be cannot 
be made t o  much better than a factor of two. 
p r io r  t o  the pendulum shots were: 
g-cm/sec. 
the momentum t ransfer  i s  about a factor of five too high. 
These estimates, made 
energy, -70 joules; mom?ntum, -80 
The measured energy transfer i s  very close t o  the estimate, but 
The direct  B-field pressure hypothesis seemed t o  be a reasonable way 
of explaining the discrepancy, and so, a pair of holes were d r i l l e d  i n  the 
pendulum plate through which magnetic probes w e r e  inserted. 
that as expected, B-field "piled up" against the pendulum, together with 
the plasma in which It w&s imbedded3 nevertheless, the magnitude was only 
enough t o  account fo r  an error of  perhaps a factor of two. 
It was found 
W e  then investigated the possibi l i ty  that the rapid rate of energy 
delivery t o  the pendulum face was heating a th in  surface layer t o  beyond 
the boiling point and ejecting a cloud of vaporized copper whose momentum 
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was actually being measured. 
b e  much more massive, but moving fa r  slower than the  incident plasma. 
order t o  i so la te  th i s  effect ,  a thin layer of Mylar was placed over the  
pendulum face. 
lower boiling point, might be expected t o  produce an even stronger "ablation 
effect". 
even fo r  the increased mass, was nearly doubled with the  Mylar face. 
substitutions of face materials verified in t h i s  interpretation of the 
deflection anomaly. 
In t h i s  case, the evaporated material would 
In 
T h i s  material by virtue of i t s  lower heat conductivlty and 
Such a result was then indeed observed i n  tha t  the deflection, 
Further 
Representative values for  different materials n O r m l -  
ized t o  a mass of 68 gms are the following: 
Material 
cu 
Ta  
MY- 
Mica 
Cu, coated with black WBX 
Deflection (cm) 
1.6 
1.8 
2.4 
2.6 
2.9 
It was also noticed tha t  for the S~JIE material, the  first shot f i r ed  
after some appreciable interval  gave a significantly larger  def'lection, 
typica3ly 2 6  larger, than those from subsequent shots f ired i n  close 
(- 1 min) sequence afterward. 
ejection of gas occluded on the surface. 
 his was interpreted as being due t o  the 
The ablation hypothesis was Ructher confirmed by observed mass loss 
f romthe pendulum, and a nearly opaque coating of the glassware near t he  
pendulum position. In one instant, 15 x gm mass l o s s  was measured 
after five shots from the gun. 
While t h i s  experiment was done in very rough and preliminary fashion, 
it consti tutes adequate proof of the unrel iabi l i ty  of the  b a l l i s t i c  pendulum 
technique. It seems worthwhile t o  bear on t h i s  point rather heavily, since 
claims of high MHD engine efficiency have been repeatedly made on the basis 
of such measurement s. 
With regard t o  the  t h e m  measurement, one further point may be made. 
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I 
2 If i n  Figure 18, we integrate B /2p0 over the length of the barrel and 
of a l i t t l e  over 50 joules. 
voltage r a t i o  with the 75 joule figure obtained f romthe  pendulum heat 
rise, and constitutes, fo r  purposes of this proJect, an extremely important 
piece of information. It i s  jus t  that it appears possible t o  transfer the 
energy of the  magn e t i c  f i e ld  in to  directed plasma k ine t ic  energy with good 
efficiency. 
not disastrous. 
gun has been held down by the crowbarring, but i n  our main area of concern, 
which i s  the efficiency of energytransfer  from the f i e l d  t o  the plasma 
motion, these rermlts appear most encouraging. 
the cross-section of the tube, we obtain an energy t ransfer  
This figure agrees when adjusted for  the 
Losses t o  the electrodes and radiation losses  are apparently 
As pointed out before, the overal l  efficiency of this 
5. Mark IV. 
Since the crowbarring trouble at the rear insulator appeared t o  
be an essent ia l  obstacle t o  the  attainment of good energy t ransfer  from 
the  bank t o  the  barrel, an attempt t o  alleviate this  short-circuiting 
trouble w a s  made through t h e  expedient of increasing the  spacing between 
the gas ports  and insulator from 2.5 cm t o  7.5 cms. The barrel was also 
extended t o  20 cm beyond the gas ports. 
hoped that the  discharge would occur over the  ports  before enough gas 
had reached the rear t o  support an ear ly  insulator breakdown. 
With t h i s  new spacing, it was 
This  change corresponds t o  an increase i n  the paras i t ic  inductance of barrel 
from about 6 cm t o  ll cm. 
it would be necessary t o  lower m by a factor of 6/=, or  t o  raise Vo by a 
factor  of 1.35. Since the l a t t e r  change i s  possible within the rat ings 
of the system components, t h i s  change w a s  not f e l t  t o  be so great as t o  
upset seriously whatever matching had existed in Mk 111. 
In order, then, t o  bring K t o  i t s  previous value, 
A t  jus t  the t i m e  when the Mk I V  components w e r e  being manufactured, the  
e n t i r e  laboratory was moved t o  the General Dynamics/Astronautics s i te  which 
i s  several miles distance from the or iginal  location. 
of three weeks resulted, and at the time of the writing of t h i s  report, full 
operation has jus t  again been attained. 
A delay i n  the  program 
Some preliminary data from Mk IV 
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are in hand, and these will be discussed below, although no detailed and 
final analyses of i t s  operation have been made. 
A f'ront-View photograph of Mk IV is shown in Figure 26. Figures 27 
through29 show the new experimental layout in the General Dynamics/Astronautics 
plant. 
The initial running of Mk IV demonstrates clearly that the crowbaming 
can be eliminated for  the  first half-cycle af current if 
is held t o  less than about 20 kv, and (2) the gas Influx rate A.om the  
p o r t s  i s  suff ic ient ly  fast so breakdown at the ports  occurs before gas 
has reached the  insulator. 
all prevlous running has been done at 14 t o  18 kv.) 
too slow, however, the  i n i t i a l  current flow is on the  Insulator. In this 
condition, we have observed w h a t  i s  probably a significant effect ,  i.e., 
that i f  the rear sheet insulator is of Pyrex, a serious attachment of the 
discharge occurs, but if an alumina (AA 0 ) pla te  i s  used, even though it 
has Pyrex "shadow rings" cemented t o  it, the discharge moves promptly away 
from the insulator, even though it formed there. 
(1) the voltage 
(The voltage res t r ic t ion  is  no problem, since 
If the gas flow i s  made 
2 3  
A somewhat negative sort  of behavior has been observed i n  this gun, 
however, in that the discharge shows some tendency toward in s t ab i l i t y  after 
a f e w  cms of travel.  
in the  sense that  it has absorbed significant energy in its formation, i.e., 
that It has grown t o  large amplitude; we have so far only o b s e m d  azimuthal 
asymmetry i n  Be at positions downstream from the gas p o r t s .  
of a 0.05 ksec K e r r - C e l l  c a n ~ r a ,  we should be able t o  observe these in- 
stabilities directly.  
It i s  not c l e a r  yet w h e t h e r  this Irregularity i s  serious 
With the arrival 
6. Repetitive Firing Experiments 
In section C, we have outlined an idealized operating sequence for  
multi-shot running of this gun. It assumes that immediately after a shot, 
the  remaining gas deionizes i n  a t i m e  shor t  compared with the ref i l l  time, 
so tha t  the  capacitor may re-charge. 
A desirable re-charging scheme would, f r o m  the Viewpoint of simplicity, 
require only passive networks and no programmed switching. Tne slmplest 
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FIG. 26. THE MARK IV GUN 
-66- 
SCREEN 
ROOM 
t 
8 
8 
II t 
rn 
t 
CAGE 
DOORS 
GLASS 
FIG. 27. TIIE MPERIMENTAL A R R A N G E "  
-67- 
. 
FIG - 28. THE VACUUM SYSTEM 
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FIG. 29. THE CONTROL PANEL AND SCREENED ROOM 
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arrangement i s  a r e s i s to r  between the power supply and the  gUnj this  fails, 
not only because of i t s  inefficiency - half of the  input energy i s  dissipated 
i n  the r e s i s to r  - but because immediately af’ter a shot, a current V/R 
(V  i s  the  power supply voltage) i s  available t o  maintain a glow discharge 
In the  barrel, and i n  order t o  maintain a high enough repet i t ion rate, 
R cannot be too large. 
shots/sec., RC must be about 100 wsec, o r  R = loon. 
of current can flow in to  an unquenched residual discharge, o r  af’terglow, 
as w e l l  as into the capacitor. 
3 For example, i f  C = 1 bfd, and w e  operate at  10 
B u t  then, 200 amperes 
The insertion of inductance in to  the charging l i n e  i s  a step i n  the 
r igh t  direction, since at ear ly  times after the shot, I grows jus t  as 
Vt/L. 
long enough so tha t  extremely large L would be required t o  keep I low u n t i l  
quenching. 
There remains the possibil i ty,  however, t ha t  the afterglow may last 
W e  performed, using the Mk I1 gun, some experiments on the f eas ib i l i t y  
of such a re-charging scheme using Neon, Nitrogen, and Hydrogen as pro- 
pellants.  A 7.5 pfd capacitor was used as a “power supply”, and f o r  a first 
test a resistance w a s  placed between it and the gun. If the  gun had turned 
of f  after the shot, the resu l t  would have been about a I& drop i n  t h e  voltage 
on the re-charge capacitor. Instead, however, t h i s  capacitor w a s  completely 
dumped af ter  every shot indicating tha t  the V/R current kept the discharge 
al ive.  
When inductances were inserted in to  the l i n e  also, it became apparent 
t h a t  inductance enough t o  tu rn  off the discharge would make the full re- 
charge time much too long. We did not, in fact ,  have inductors of suffi-  
c ien t ly  high value t o  tu rn  of f  the gun. 
It w a s  then realized tha t  an excellent solution t o  t h i s  problem might 
be 7%e use of a saturable reactor i n  the charging l ine.  Such a device can 
have extremely high inductance up t o  the t i m e  the core saturates, and after 
t h a t ,  the  inductance drops precipitously. The result i s  tha t  the re-charge 
current can be very small for  some in te rva l  of time, after which it surges 
quickly t o  a high value. 
switch. 
In a sense, this can be considered a delayed current 
-70- 
The saturable reactor idea  was tested by the use of a pulse trans- 
former 0-core of 1-1/2" x 1-1/2" cross-section, on which a multi-layer 
c o i l  was wound. 
i n  charging the gun capacity. 
firing, the  charging current w a s  70 ma; but 200 psecs. later, it had 
r isen t o  3 amperes. 
It displayed a very sharp break i n  current when used 
For example, at 300 psecs. after the gun 
With t h i s  arrangement, we were able t o  produce "turning-off" of the 
gun although only errat ical ly .  
Hydrogen and also t o  run the gun a t  only 6 kv. 
It w a s  necessary, for  example, t o  use 
In order t o  further determine the factors  influencing the quenching 
of the  discharge, an ignitron switch was placed i n  the charging line 
(again, between the 7.5 pfd re-charge capacitor, and the 1 pfd gun) with 
a 75 ohm res i s tor  i n  series with it. 
gun firing, t h i s  ignitron was turned on, and the re-charge capacitor. 
voltage observed fo r  either complete dumping or  the 
signified a gun quench. 
w a s  observed, but only fo r  very long delays. 
covered that under the conditions of input gas flow and gun voltage 
where hold-off after the shot was observed, the main discharge had 
occurred out i n  the glass vacuum system beyond the end of the barrel. 
the input gas flow rate was increased t o  a point where the internal. 
current dis t r ibut ion in the barrel became normal, the  gun would not hold 
off the  re-charge voltage. 
A t  variable times subsequent t o  
drop which 
The resul t  was that occasional voltage hold-off 
Furthermore, it w a s  dis- 
When 
It appears tha t  there i s  a f a i r l y  simple interpretation of these 
data, and it i s  that i n  this gun, there i s  s t i l l  significant ionization 
of the residual gas when the cold entering gas has reached sufficient 
pressure f o r  a new breakdown. 
during which there i s  neither ionization nor a high neutral  gas pressure 
does not exist. This time w i l l  depend on the  recombination coefficients 
of the propellant. A u m d n g  t o  Brown's book N2 has a much larger  co- 
e f f ic ien t  than A o r  Ne; however, the hold-off t i m e ,  using N2, was s t i l l  
very long. It appears tha t  unless a more e f f ic ien t  combination of gun 
parameters can succeed inrjddtlng the barrel more completely of ionized 
gas at  the time of the shot, it w i l l  be necessary t o  go t o  a pulsed gas 
valve. 
That is, the necessary interval  of t i m e  
6 
Further tests on this  problem tern postponed u n t i l  such ef f ic ien t  
single-shot conditions might be found, since it w a s  c lear  that the Mk I1 
gun, as used here, l e f t  a considerable fraction of the plasma in  the gun.  
7. Recharging Bank 
In anticipation of the evolution of the coaxial gun t o  a leve l  
of performance which would lead necessarily into high repetition-rate 
t ests, the problem of a high voltage, high current power supply became 
important. The average charging current at a repeti t ion rate of 10 3 
shots per second for  Mk I11 or IV would be 50 amperes at 20 kv; such a 
power supply would be exceedingly expensive and d i f f i cu l t  t o  construct. 
On the other hand, any gun which might be similar t o  the present 
ones i n  s ize ,  design, and materials, i s  certainly not capable of sustain- 
ing a dissipation i n  the several hundred kilowatt range for  much mre 
than a second. It was felt ,  then, that a reasonable solution t o  the 
power supply requirement would be the we of a bank of capacitors having 
sufficient stored energy t o  supply the required current for  a few hundred 
shots, which would be a large enough number t o  bring the discharge condi- 
t ions  t o  a steady state. 
This bank was constructed during the time other single-shot experi- 
ments were i n  progress on the guns. 
20 kv which store 168,000 joules of energy. 
by four type 7703 molybdenum-anode ignitrons, each connected t o  a "shelf" 
of 14 capacitors. 
and mechanically, so tha t  personnel access t o  a charged bank is essent ia l ly  
impossible. Figure 30 i s  811 e lec t r ica l  schematic of the bank, and Figure 31 
gives a general v i e w  of the instal la t ion through the door of the protective 
cage. 
It consists of 56 units, each 15 p, 
Switching i s  accomplished 
The bank i s  completely interlocked, both e lec t r ica l ly  
The bank voltage w i l l ,  of course, drop during a multi-shot run of the  
gun, and the number of gun f i r ings which may be obtained w i l l  be determined 
by: (1) the acceptable voltage change, and (2) the gun-to-bank capacitance 
ratio,  i.e., 
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w h r e  An i s  an incremental number of  shots. This gives 
n = r A n T  'b vO
Q 
For 
V 
V 15kv 
- = - =  2okv 1.33, and 
3 
'b 640 f d  --A 
C - 5pfd 
Q 
On the other hand, f o r  C = 1 pfd, and 7 vO = 2, we get  n = 580. The number 
i3 
of shots available w i l l  certainly be adequate fo r  presently planned tests. 
H. Discussion and Conclusions 
In a program such as t h i s  one, which involves a par t icular  technical 
goal, it i s  worthwhile t o  review the progress made i n  terms of progress 
toward that goal, as w e l l  a s  t o  enumerate incidental  accomplishmnts in 
the sense of development of techniques and accrual of generslly useful 
physical data. 
This program began with a specific concept of plasma propulsion, i.e., 
the use of a coaxial gun i n  the simplest conceivable mode of operation. 
This mode includes the elimination of as may switches, valves, and other 
mechanical devices as possible i n  order t o  improve re l iab i l i ty ,  and has 
consequently centered on the idea of a "relaxation osci l la tor"  type of 
aperation i n  which both e l ec t r i ca l  power and propellant would flow 
uninterrupted into the  gun, whose demand for  them would be impulsive. 
The i n i t i a l  concept also involved a parameter constraint on the 
storage capacitance, th i s  being determined by the probable attainable 
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s i ze  of a vacuum-electric unit .  
These considerations, then, have determined the  general design 
character is t ics  of the guns used i n  this work. But, apart  from 
engineering design of a space engine, there  exists the far more important 
and fundamental problem of establishing the f eas ib i l i t y  of using MHD fo r  
propulsion. 
e f f ic ien t ;  many varieties of energy loss i n  plasma systems are notoriously 
w e l l  known, and if they cannot be reduced t o  negligible levels i n  our 
device, a l l  engineering questions are irrelevant.  We have, therefore, 
taken t he posit ion that the  physical questions of the acceleration 
process are the  most important, and should receive the  greatest  i n i t i a l  
at tention. 
It has not been obvious tha t  plasma acceleration can be made 
The general set of questions t o  which t h i s  pro3ect has addressed 
itself, then, are roughly these: 
1, Can a workable, compatible set of system parameters be found 
which make e f f i c i en t  plasma acceleration possible? 
2. A r e  there in t r in s i c  physical l imitat ions on the efficiency 
with which one may impulsively accelerate a plasma? 
3. IS the self-osci l la t ing mode of gun firing (no e l e c t r i c a l  
switches o r  gas valves) feasible? 
4. What other design o r  material problems stand i n  the way of 
making a compact, high-power, high repeti t ion-rate engine? 
We w i l l  summarize our present knowledge of the answers t o  these 
questions here. 
F i rs t ,  the d i f f icu l ty  of finding a compatible and prac t ica l  set of 
(1) obtaining very low inductance system parameters i s  mainly that of: 
capacitors and transmission lines, and (2)  finding a propellant which w i l l  
break down at  the  applied voltage when jus t  the correct mass i s  i n  the 
gun. It appears that i f  we i n s i s t  upon l imit ing C t o  1 pfd, we cannot 
ye t  obtain a commercial capacitor of low enough inductance, although it 
is hown that some manufacturers (notably Tobe-Deutschmann) are developing 
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capacitors which are good enough. 
capacitor which i tself  has low emugh inductance may be far more d i f f icu l t ,  
and has not been dealt  with yet. 
that given freedom t o  vary C, it i s  indeed possible t o  obtain a discharge 
on an optimum gas loading. 
The f'urther problem of making a vacuum 
We conclude f r o m  the Mark 111 results 
It must be strongly reemphasized that the gun equations, the rela- 
t ion  between A, L', v, and C, and the parameter K, are! at beet only rough 
design guides. While K, for  exsmple, can be interpreted i n  terms of 
efficiency i f  we a lso assme tha t  the acceleration only proceeds fo r  some 
cer tain number (or  fraction) of e lec t r ica l  oscillations, such a definit ion 
i s  highly a r t i f i c i a l .  
relationship of system parameters. 
magnitudes of aL/at  and the e lec t r ica l  resistance R, and since we have no 
a p r i o r i  way of estimating R, (except, perhaps, for  a l o w e r  l i m i t )  we must 
simply r e ly  on experiment. Nevertheless, it seems desirable t o  arrange 
parameters so that no more than one full cycle of the driving current i s  
needed t o  complete t h e  acceleration. 
The real u t i l i t y  of IC is i ts  being a guide t o  the inter-  
Efficiency i s  determined by the relative 
The answer t o  question 2 can only be obtained through experiment. 
While it i s  w e l l  known that many loss mechanisms such as bombardnwtnt of 
electrodes, opt ical  radiation, and in s t ab i l i t y  formation a l l  exist, and 
w i l l  probably occur, the magnitude of their ef fec ts  i s  d i f f i cu l t  t o  esti- 
mate. 
against some of these losses. It should be possible experimentally t o  
i so la te  certain l o s s  channels such as radiation and instabi l i ty ,  and a lso  
t o  perform calorimetric measurements on various par ts  of the  gun3 however, 
one i s  never certain of having identified a l l  the Loss modes, and so a 
more satisfying procedure would be t o  measure the actual output energy and 
establ ish tha t  i s  a large enough fraction of w h a t  was put into the gun. 
It has been mentioned that  a short acceleration length should militate 
So far, we have not obtained an output which i s  a large fraction of 
the bank energy; however, it seems from W k  111, that we have been able 
t o  achieve high efficiency of transfer of f i e l d  energy t o  directed plasma 
energy, 
from EZ 
S u l t  s . 
since a l l  estimates of the plasma kinetic energy, whether obtained 
and ni, JB dz, o r  from the  calorimeter, give closely similar re- 
If these results are borne out by further work, it will consti tute 
2 
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adequate proof tha t  the various losses mentioned above are indeed un- 
important, 
The feas ib i l i t y  of the free-running continuous gas flow modes of 
operation (question 3) seems t o  be i n  doubt. 
have observed are very long, and have extended in to  the refill t i m e  
under free gas flow. 
power supplies are available, t o  make possible much lower repet i t ion 
rates than the free inflow of propellant would allow. Both of these 
s i tuat ions make it s e e m  l ike ly  that at  least for the immediate future, 
it w i l l  be necessary t o  use SOIW sort of a repet i t ively pulsed gas valve, 
The use of passive c i rcu i t  elements in the re-charging c i rcu i t  s t i l l  
seems feasible, and w e  w i l l  continue t o  assume this mode of e l e c t r i c a l  
operation. 
The de-ionization times we 
It w i l l  also be desirable, i n  periods before large 
The most important engineering questions posed by question 4 seem 
(1) problems of high-temperature durabi l i ty  t o  f a l l  in to  three areas: 
and effectiveness of the  necessary metals and insulators, including t h e i r  
erosion under discharge conditions, and (2) the design of an adequate 
energy storage capacitor. 
area at all in t h i s  work, since so far single-shot operation has been the  
rule. 
know mre. This question w i l l  not be discussed further. 
CI F 
W e  have not iGroved our knowledge i n  the  first 
When a f e w  hundred shots can be fired i n  rapid sequence, w e  w i l l  
As t o  capacitors, there are some developments of in te res t  which 
should be followed closely. We assumed at  the  outset of t h i s  work that 
conventional (e.g., oil-paper) capacitors are absolutely ruled out i n  
this application, because of low Q, and this s t i l l  appears t o  be true.  
However, it may not be necessary t o  go t o  the f u l l  extreme of vacuum d i -  
e lec t r ic .  We have verbal information from the manufacturer of our present 
capacitors (Axel) that they have done development work on capacitors which 
employ low-loss d ie lec t r ics  (at  some sacr i f ice  in bulk) together with 
in te rna l  f l u id  cooling, which i n  their  opinion could come near t o  meeting 
our requirement if the gun w e r e  run a t  less than a megawatt. 
was obtained on the attainable inductance of these units, but i f  the re- 
cent work at Tobe Deutschmam (on Los Alamos designs) w e r e  incorporated in to  
No information 
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a fluid-cooled unit, a solution t o  our requirement might be i n  hand. 
It is  important also to munmarize here the nore general accomplish- 
ments of this program, 
We have demonstrated quite clearly t h a t  the acceleration of plasma 
i s  a complicated process which cannot be interpreted simply i n  terms of 
experimental data on luminous fronts, current layers, o r  even momentum 
transfer  i n  b a l l i s t i c  pendulum measurements. 
work, we hsve brought the technique of simultaneous E and B probing t o  
a state of great usefulness. 
method currently available f o r  the measurement of ion densi t ies  and ion 
momentum transfer  i n  apparatus of t h i s  kind, and we are not aware of the 
technique ever having been employed before. I 
In connection with t h i s  
So far as we can determine, it is the  only 
I 
It has been demonstrated tha t  plasma acceleration by x B' forces 
does not, i n  general, take place i n  "snowplow" fashion, but rather 
through momentum transfer from an ionizing current wave which mm8 
through the  plasma. 
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APmmIX I 
MAGI'ETIC PROBES-CONSTRUCTION AND CALIBRATION 
The B-probes used i n  t h i s  work were of extremely simple design, i n  
t h a t  no e lec t ros ta t ic  shielding w a s  used on t h e m ,  and they w e r e  not un- 
usual i n  either t h e i r  degree of miniaturization or  nuniber of turns,  
Figure 3 2  i s  a representation of t h e  probe structure. 
of the probes used f o r  the experiments were 4 t o  6 turns  of 0.3 mm 
diameter Formv-ar-coated w i r e ,  wound on a 3 mm d i a n e t e r  form, 
winding, the  c o i l  was slipped off the  form and w h i l e  being held by the 
leads, dipped in to  a pot of "rninit-cure" epoxy resin, which as the name 
implies, sets and cures i n  one minute. 
connected directly,  and with as short  leads as possible, t o  the end of a 
miniature coaxial cable, (RG-196) and t he  a s s e d l y  inserted in to  a 5 mm 
Pyrex glass  tube. A flake of black w a x  was dropped in to  the closed end 
of the glass  jacket before insertion of the  c o i l  and cable, and when the 
c o i l  had come in to  place at the  t i p ,  the glass w a s  heated so t h a t  the w a x  
fastened the c o i l  and jacket together. 
of t he  coax cable d i rec t ly  t o  the c o i l  was necessary when the very fast 
rise times encountered i n  Mark I1 w e r e  being measured, 
a long twisted p a i r  coming out from the c o i l  i s  a transmission l i n e  of 
different impedance from ordinary cable, and t h e i r  connection results i n  
a mismatch which has been observed t o  create cable ringing, seen as "hash". 
For short probes or  moderate r i s e  rates, however, t h i s  precaution should 
not be necessary. 
The c o i l s  of most 
Jus t  after 
The encapsulated c o i l  w a s  then 
It w a s  found that the connection 
The reason is that 
Calibration of t he  B probes i s  done by comparison with a single- 
t u r n  standard c o i l  whose area i s  large enough t o  be measured accurately. 
The comparison is  made with the  use of a b a l l i s t i c  galvanometer "fl ip- 
coi l"  technique, 
galvanometer, placed between the poles of a permanent magnet, and quickly 
withdrawn. 
can be made. 
Each of the co i l s  i n  tu rn  i s  connected t o  a sensi t ive 
Deflection i s  proportional t o  c o i l  area, and so a comparison 
It is, however, possible t o  estimate the  probe area by the  
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number of turns, coil form area, wire thickness, and cer ta in  l e e  corrections. 
We found t h a t  this determination agreed within 3$ with the standard-coil 
cal lbrat ion fo r  a 4-turn coi l  used for  obtaining much of the data shown 
here. 
Frequency response of the probe is determined by the time constant L/R, 
where L is the c o i l  inductance, and R i s  the Impdance of the terminated 
output line. 
connected t o  t h e m  we calculate L/k t o  be about loo9 seconds, which is almost 
two orders of magnitude faster r i s e  t i m e  than required in the expriment. 
I n  other words, we could employ co i l s  with four or f lve times the number of 
turns, and s t i l l  not suffer from inadequate response. 
For the coils employed in this work and the 50 ohm cables 
Integration was accomplished with simple RC Integrators whose component 
values were nrsasured on a bridge. 
ueed for all of the gun data shown in this report. 
A time constant of about 20 psecs. was 
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E-PROBE CONSTRUCTION AND CALIBRATIOM 
Figure 33 shows schematically the  E-probe construction. A glass  
tube was drawn t o  a th in  t i p  and cut off  at a radius which would ju s t  
pass the braid of an RG-196 coaxial cable. Soft-solder electrodes, a 
ring and a bal l ,  respectively, were attached t o  the braid and center 
conductor, spaced by 1 cm along the cable. 
cast  i n  epoxy resin, and ground t o  a smooth conical t ip ,  with the exposed 
electrodes flush with the surface. 
The whole assembly was then 
Calibration of the E-probe system was done simply by applying the 
output of a pulser t o  the t ips,  and measuring both t h i s  voltage and the 
system output on an oscilloscope. 
t he  c i rcu i t s  was done by shorting the t i p s  with a symmetrical tab ( t o  
avoid inductive pickup) and inserting the probe into the actual gun dis- 
charge. 
an order of magnitude less than the  expected value of EZ. 
The more  d i f f i cu l t  operation of balancing 
Balancing w a s  considered adequate when the residual noise w a s  
The impedance of the output c i rcu i t  across the probe can be f a i r l y  
5 low i n  these devices. It has been demonstrated here and a t  Los A l m s  
t h a t  the probe can be shunted by a very low impedance, a f e w  ohms o r  less, 
which can draw hundreds of amperes from the discharge without seriously 
affecting the  signal. 
tolerable . 
Therefore, an input impedance as low as 50 52 is 
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APPENDIX I11 
E-PROBE TRANSFORMER 
The pa i r  of voltage dividers used between the E-probe and the  
oscilloscope f o r  the Mark I experiments became inadequate when the 
Mark I1 work was started. This inadequacy was not due t o  tbe re- 
s i s to r s  themselves, but rather t o  the fact that the balanced pre- 
amplifiers (type G and type Z) used on the oscilloscope l o s t  their 
balancing at  the high signal frequencies (> 10 mc) encountered In  the 
faster gun. 
a single, unbalanced scope input. 
It became necessary, then, t o  resort to a t r a n s f o m r  and 
A to ro ida l  powdered-iron core was procured which had adequate fre- 
quency response. However, first tests of the transfornver fa i led  because 
of excessive comnaon-mode capacitive feed-through. The capacitance was 
that from each of the windings t o  the common core. 
t o  remedy th i s  common-mode response was t o  space the  windings away from 
t h e  core, and t o  make them very small, (8 turns  of #28 w i r e ,  close- 
spaced). This reduced the feed-through amplitude by a factor of five. 
The next step w a s  the  inser t ion of a s p l i t  cyl indrical  shield between the 
core and the secondary winding, and the erection of a shield between the  
two windings. 
20, which was enough f o r  our purposes. 
tance, as determined from attenuation of a 35 mc signal, i s  0.05 ppf. 
The first  step taken 
The result was a f'urther common-mode reduction fac tor  of 
The primary-to-secondary capaci- 
Since the coupling of t he  transformer i s  not perfect it was necessary 
t o  inser t  a 2.2 Icn r e s i s to r  i n  series with the  output in  order that the 
series leakage inductance would not degrade the high-frequency response. 
The resul t ing attenuation, a factor of 40, w a s  s t i l l  tolerable, since it 
had been 100 with the voltage dividers .  
The 2.2 K resistance reduced L/R t o  a point where the input and out- 
put transformer pulses rose i n  t i m e s  shorter than the 30 mc oscilloscope 
could display3 i.e., the  transformer frequency response was better than 
the experiment required. 
Finally, the whole assembly was mounted i n  a copper shield box and 
The high voltage primary leads emerge through the epoxy 
In operation, the box i s  only 
cast i n  epoxy. 
surface on the  one open side of the box. 
grounded through the  shield of the coaxial l i n e  which connects i t s  output 
t o  the screen room bulkhead. 
arrangement of shields and windings on the transformer. 
Figure 34 i s  a schematic drawing of the  
-86- 
(8 TUf 
I 
2 K  
\ PRIMARY SECONDARY 
' J  
I 
MAGNETIC 
I 
SHtELD ELECTROSTATIC / SHIELD 
/ 
c 
CORE 
F I G .  34. THE 'E' PROBE I S O I X C I O N  TRANSFORMER 
-87- 
APPENDIX N 
EFFECTS OF EX!EUF,OUS IMEEDDED MAG"IC FIELDS 
For some t i m e  during the i n i t i a l  operation of Mk 11, it was noticed 
that the  discharge current w a s  very e r r a t i c  i n  azimuthal distribution, 
even at early times, and that there was a strong tendency toward break- 
down pr ior  t o  introduction of the  propellant. 
t o  be t h a t  an inser t  placed inside the center electrode i n  order t o  
space the gas valve had been made from 400-series stainless steel, which 
i s  capable of being magnetized. 
a dipole f i e l d  transverse t o  the barrel of about 50 gauss amplitude. 
en t i r e  episode, counting worthless data runs and the  t i m e  t o  search out 
the  trouble, cost three t o  four weeks of time. The moral, i f  any, i s  
that  the  materials used i n  a device of t h i s  sort  which i s  very sensit ive 
t o  magnetic fields, should be caref'ully inspected pr ior  t o  t h e i r  incor- 
poration I n t o  the equipment. 
The reason was discovered 
This par t icular  t h i n  ring w a s  setting up 
The 
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